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Hydrothermal carbonisation (HTC) is an emerging biomass pre-treatment that 
works by converting biomass into a coal like material, in the process overcoming some 
of the inherent limitations of biomass. To date, there have been limited publications 
looking into the fate and influence inorganics and heteroatoms have on the HTC 
chemistry. This is surprising given these elements are of critical importance when it 
comes to the fuel’s utilisation. This work sets out to understand the role and fate of key 
inorganics and heteroatoms during HTC, but goes on to develop a mechanistic 
understanding of the HTC process chemistry.  
This work primarily focuses on the feedstocks Miscanthus, willow, brown kelp 
(macroalgae) and swine manure. Additionally, this work has also looked into the 
processing of food waste, secondary sewage sludge, AD press cake, microalgae, 
municipal solid wastes and oak wood, providing a large database of samples.  
Reaction parameters investigated as part of this work include how temperature, 
retention time, particle size, pH and recycling of process waters influence product yields, 
energy density, combustion properties, the bio-chemical composition of the bio-coal, the 
process water chemistry and the retention and removal of inorganics and heteroatoms. 
The results show that under the correct conditions HTC can produce a fuel with a HHV 
ranging from 25 to 30 MJ/kg (db) and the resulting bio-coal can burn like a coal, grind 
like coal and can overcome many of the limitations of burning biomass in pulverised coal 
plant. By recycling the process waters Miscanthus can be made into a fuel with an energy 
density of 29 MJ/kg (db), with an energy yield of 91 % and fuel properties comparable to 
a high volatile sub-bituminous coal.  
The behaviour of the inorganics and heteroatoms during HTC appear dependent 
on feedstock, the feedstocks inorganic chemistry and the HTC processing conditions.  
Generally speaking, alkali metals, which are primarily responsible for the slagging and 
fouling behaviour of solid fuels, are largely removed (>80%) during HTC. Moreover, 
when processing at 250 °C retention of calcium and reincorporation of phosphorus 
occurs. The combination of reduced alkali metals and relative increase in calcium and 
phosphorous in the ash brings about significant improvement in the fuels slagging and 
fouling propensity as demonstrated by the ash fusion test. It hypothesised that any residual 
potassium within the fuel should form calcium potassium phosphate complexes in the 
ash. These complexes are thermally stable and prevents the formation of low melting 
temperature potassium silicates or the volatilisation of potassium chloride, further 
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reducing slagging, fouling and corrosion beyond that expected for alkali metal leaching. 
This can be applied to a range of low value fuels such as green harvested Miscanthus and 
seaweeds. This demonstrates the technologies potential to valorise low quality feedstock 
and produce a direct substitute bio-coal from an expanded range of terrestrial and aquatic 
biomass.  
Recycling process water brings about an increase in bio-coal energy density, 
energy yield and produces a fuel with more coal-like properties. It is hypothesised that 
the recycled process waters contain organic acids that hydrolyse the hemicellulose and 
cellulose to furfural like compounds at a lower temperature and increase saccharide 
concentrations within the process water at lower temperatures. The increased saccharide 
concentrations favour aromatization and repolymerisation, which better enables the 
decomposition products to undergo polymerisation and form the bio-coal before the 
increasing process temperature brings about their further degradation to organic acids. 
Once degraded to organic acids these acids appear to only undergo limited 
reincorporation into the bio-coal, but do appear to play a role in the demineralisation of 
the fuel. Based on this it is proposed that the slow heating rates followed by an hour 
retention time is favourable to overcome kinetic limitations otherwise imposed by faster 
heating rates and shorter retention times.  
The heteroatom oxygen plays a critical role in the reactions involved in HTC. The 
energy densification of the bio-coal is largely due to the deoxygenation of the fuel. 
Removal of this oxygen forms unsaturated compounds that polymerise quickly, and 
intermolecular dehydration results in polymerisation, condensation and aromatisation of 
these fragments. Oxygen is also critical in repolymerisation, with aromatic structures 
initially chemisorbed though reactive oxygen functionalities that dehydrate to form stable 
oxygen bonds linking a polymeric matrix of cyclic aromatic carbon rings. The retention 
of calcium also suggests it may play catalytic role in the repolymerisation process with 
the literature supporting this. There is however evidence that at high calcium 
concentrations, calcium in the process water can have an adverse effect on carbonisation, 
binding to surface oxygen functional groups on the biomass feedstock and preventing 
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Today most of our industrial materials including fuels, polymers, chemicals, 
pharmaceuticals, packaging and construction products are made from fossil based 
resources. This was not always the case; up until the early part of the 20th century many 
industrialised chemicals such as solvents, fuel, synthetic fibres and chemical products 
were made from plant resources [1, 2]. Issues however arise in this fossil fuelled world 
when you consider that not only are these resources finite and the global resources 
diminishing; most of fossil-fuel derived products eventually end up as carbon dioxide in 
the Earth’s atmosphere. During the last 150 years there has been a rapid increase in the 
carbon dioxide concentrations in the atmosphere, from 228 ppm, to 383 ppm in 2007 [3] 
and exceeding 400 ppm for the first time in 2015 [4]. This increase is our own fault and 
is due primarily to the combustion of fossil fuels. 
It is now widely accepted throughout the scientific community that the climate is 
changing as the result of these anthropogenic emissions [5]. This acceptance has spread 
to political leaders with 195 parties adopting the first universal, legally binding global 
climate deal in Paris at the COP21 climate conference. The Paris agreement aims to keep 
the global averaged temperature increase below 2 °C by the end of the century compared 
to pre-industrial levels, and if possible to no more than a 1.5 °C rise through the reduction 
in global emissions [6]. In order to meet the <2 °C temperature rise target agreed on in 
the Paris Agreement, concentrations of carbon dioxide equivalents (CO2eq) must not 
exceed 450 ppm in the atmosphere and if the 1.5 °C target is to be met then concentrations 
must not exceed 430 ppm by 2100 [7]. In order to meet these targets, peak emissions must 
be reached as soon as possible in order to reduce long term climate change, preferably by 
the mid-2020s [8]. 
Adoption of renewable energy is one of the more important issues in reducing 
emissions and in the UK and Europe the need to replace coal combustion with a reliable, 
renewable, sustainable technology has driven many coal fired power stations to switch 
from coal to biomass as a combustion fuel. In the future it is also envisioned that the use 
of carbon capture and storage (CCS) technologies in conjunction with biomass could even 
potentially provide negative emissions (removal of carbon dioxide from the atmosphere). 
The basic concept of a Bioenergy CCS is that the carbon dioxide is removed from the 
atmosphere by the growth of biomass and is released, captured and stored when the 
biomass is converted using CCS technology, thus removing emissions from atmosphere. 
Given most emission scenarios modelled in the Intergovernmental Panel on Climate 
2 
 
Change (IPCC) Fifth Assessment assume negative emissions in order to meet the 430 
ppm target, development of bioenergy CCS appears an important technology if emissions 
targets are to be met [8, 9]. 
While biomass maybe an attractive energy resource in terms of its potential 
sustainability and carbon neutrality, when compared to solid fossil fuels such as coal the 
physiochemical properties of biomass are different and this brings about challenges. Even 
high quality lignocellulosic biomass suffers due its low bulk density, high moisture 
content, low calorific value and high hydrophilic nature. This combined with milling 
difficulties brought about through the fibrous nature of biomass means that the handling 
properties of raw biomass negatively influence the economies of biomass. This has 
prompted considerable interest in pre-treatment techniques that may overcome some of 
these limitations. One such process is torrefaction, which has received increasing interest 
in recent years. Torrefaction is a thermal process that involves the heating of biomass to 
between 180°C and 300°C in an inert atmosphere, driving out moisture and various low 
calorific components to increase the fuel’s calorific value [10]. 
This work looks at an alternative pre-processing technology, Hydrothermal 
Carbonisation (HTC). HTC is an emerging pre-processing technology for upgrading the 
physical and chemical properties of biomass before further conversion or combustion. 
HTC involves submerging biomass in water and heating to between 180 and 260 °C while 
maintaining pressures high enough to keep the water in a liquid phase. Under these 
conditions, the physical properties of water change at the molecular level, with the water 
providing a medium for a complex series of reactions which promote a natural coal 
formation process [11]. The resulting coal like product, known as a hydrochar is: (i) more 
energy dense, (ii) easily friable and (iii) more hydrophobic than the starting material and 
because of these properties there is now interest in its potential as a biomass pre-treatment 
prior to combustion or gasification. 
While HTC is only now an emerging pre-processing technology for upgrading the 
physical and chemical properties of biomass before further conversion or combustion, 
research in this area began as early as 1911; albeit in an attempt to make hydrogen from 
coal as opposed to finding alternative fuels to the fossil based ones. In 1911, German 
scientist Friedrich Bergius was convinced that it should be possible to carry out the “water 
gas reaction” and produce hydrogen gas while inhibiting the troublesome formation of 
carbon monoxide by reacting coal / carbon and water at the right temperature according 
to Equation 1.1, assuming the right temperature and pressure conditions are satisfied [12]. 
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Using temperatures below 600°C (a temperature at which even steam does not act on 
coal), Bergius managed to oxidise coal using liquid water at 200 bar producing carbon 
dioxide and hydrogen, however reaction rates which would have made such a reaction of 
commercial interest failed to be achieved. 
C + 2H2O = CO2 + 2H2 (1.1) 
While a reaction of commercial interest had failed, in experiments where Bergius 
and co-workers had substituted peat for coal it was observed that exceptionally large 
amounts of carbon dioxide was formed and that the carbonaceous residue remaining in 
the vessel had the same elemental composition of natural coal. This observation prompted 
Bergius to study the decomposition process of plant substances more closely as he thought 
the process would be similar to the process of coalification, a metamorphic process that 
plant-based compounds undergo in their gradual transition into coal in the course of 
millions of years.  
By 1913 many researchers had already attempted to convert biomass into coal but 
most had attempted to do so by heating the biomass (pyrolysis), decomposing the 
cellulose in the process. The secret that Bergius discovered was that the biomass precursor 
had to be in intimate contact with the liquid water, which, at mild temperatures (200-330 
°C) and high pressures, prevented super-heating of the cellulose and thus prevented its 
decomposition. The resulting carbonisation products had a very similar composition to 
natural coal [13]. This important discovery was followed by numerous studies by Bergius 
and his assistant Hugo Specht on the production of this artificial coal [14]. Their 
experiments also become the basis for the production of liquid and soluble compounds 
from coal, a process which they named “coal liquefaction” [15]. Bergius was awarded the 
Nobel Prize in 1931 for all his studies on the production of synthetic coal as well as his 
work on hydrogenation and his contributions to high-pressure reactions [16]. 
Following the discovery by Bergius, a number of authors and studies between 
1920 and 1960 developed coalification. For example, Berl and Schmidt [17] varied the 
biomass source and treated the different samples, in the presence of water, at temperatures 
between 150 °C and 350°C in order to better understand the behaviour of cellulose when 
heated in water and later the authors published a review on the origins of coal in Berl et 
al. [18]. Later, Van Krevelen and co-workers further developed this area further, 
analysing amongst other parameters the influence of pH on the outcome of the 
carbonisation reaction, and found substantial differences in the decomposition behaviour 
and final products, as identified by the C/H/O composition of the product [19, 20].  
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A renaissance of HTC started around 2000, with interest focused on carbon 
materials not fuel. Initially research focused on the hydrothermal synthesis of carbon 
spheres (~200°C) using sugar or glucose as precursors in 2001 [21, 22], and the synthesis 
developed towards various metal/carbon nanoarchitectures [23], carbon nanofibers [24] 
and spheres [25]. It was through the publication of ‘Back in the Black’ in 2007 by Titirici 
et al. [26] that HTC started to receive attention outside of geochemistry and carbon 
materials. Titirici et al. [26] highlighted the potential of HTC for producing biochar for 
carbon sequestration as opposed to slow pyrolysis and soon after several papers were 
published on the potential HTC had on carbon sequestration and soil improvement [27, 
28]. This was at a time when there was growing interest in using biomass as a future 
energy source and the application of HTC in energy was soon explored. Early studies 
suggested the potential coal-like properties of the hydrochar would exhibit favourable 
behaviour with respect to combustion, gasification, and other thermal conversion 
processes and the technology quickly developed both academic and commercial interests 
in the utilisation of HTC in energy [29]. With the recent interest in using HTC to make 
fuel, the term bio-coal is now being commonly used as an alternative to hydrochar in 
order to differentiate the hydrochars for energetic applications from hydrochars intended 
for other applications [30-35]. Given this research looks into the energetic application of 
hydrochar, the author favours the term ‘bio-coal’ in the context of this research and will 
be used going forward. 
Since the renaissance in HTC, the handling improvements brought about though 
HTC are now well documented and 100 years of research into coal formation has meant 
that the basic underlying chemistry behind the HTC of lignocellulosic material is at least 
in part understood. There has, however, been little research on the fate and influence of 
inorganics and heteroatoms during HTC [11, 36]. Inorganics in biomass generally refer 
to the metal oxides in the fuel that make up the ash. Typical heteroatoms are nitrogen (N), 
oxygen (O), sulphur (S), phosphorus (P), chlorine (Cl), bromine (Br), and iodine (I). As 
biomass is organic material from living or recently living organisms, biomass contains a 
number of essential minerals which are required for growth; these include silicon (Si), 
calcium (Ca), potassium (K), aluminium (Al), iron (Fe), magnesium (Mg), titanium (Ti), 
sodium (Na), nitrogen, phosphorus and sulphur [37, 38]. Inorganics are a particular issue 
for biomass during combustion and gasification as large amounts of alkali and alkaline 
metals, particularly potassium and sodium, along with sulphur and chlorine influence ash 
chemistry. The ash chemistry influences the behaviour of the fuel in terms of its tendency 
to corrode equipment and cause slagging, fouling and bed agglomeration; nitrogen, 
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sulphur, chlorine and phosphorus can also be associated with airborne emissions [39-41]. 
To reduce the adverse effects of inorganic metals, there is now interest in the leaching of 
biomass with water and acids in order to extract nutrients as a way to reduce the ash 
deposition and airborne emissions before combustion, gasification or further pre-
treatment such as torrefaction [41-43].  
As HTC processes biomass in water, it is possible to remove inorganic salts and 
ionic bonded inorganics along with heteroatoms from the bio-coal, in a way which is not 
possible with dry thermal pre-treatments [44-46]. Moreover it may be possible to modify 
the inorganic and heteroatom chemistry of the compounds remaining in the bio-coal in 
such a way to reduce the ash deposition and airborne emissions [47]. It is also known that 
certain salts have catalytic effects on the hydrothermal process [44, 48, 49]. By 
understanding the behaviour of inorganics and heteroatoms during the HTC process it 
may also be possible to modify the inorganic chemistry in such a way to utilise the 
catalytic effects certain salts have on hydrothermal processes, simultaneously enhancing 
the yields and products while reducing their adverse impacts. 
This research aims to understand the role and fate inorganics and heteroatoms 
have during hydrothermal carbonisation of a range of biomass. The objectives are: (i) to 
identify the behaviour of inorganics and heteroatoms in a range of biomass resources and 
their implications in combustion; (ii) to understand how reaction parameters influence a 
fuels inorganic and heteroatom chemistry; (iii) to develop an understanding of the 
mechanisms behind the extraction of key metals and heteroatoms during the HTC of 
lignocellulosic biomass; and (iv) to understand the potential catalytic mechanisms and 
roles inorganics and heteroatoms have during HTC. 
These aims and objectives are addressed throughout this study with an outline of 
each chapter given in the following paragraphs: 
Chapter 2 is a literature review that gives both an introduction to HTC as well as 
a review of the current ‘state of the art’ in HTC. This review will cover the fundamental 
chemistry behind HTC, the influence of reaction parameters on the bio-coal product and 
review of the current research and literature. In addition, this section will set out the 
principles behind solid fuel combustion, set out best practice when combusting biofuels 
in pulverised fuel power plant, explain the challenges associated with fuel inorganic and 
heteroatom chemistry and give a brief introduction to coal and coalification. 
Chapter 3 provides a description of the methodologies used in the experiments 
and the analysis of the results seen in this work. This chapter includes brief overviews of 
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the principles behind the analytical techniques along with a brief methodology for their 
use. Throughout this work, methods were adapted between chapters in order to improve 
the reliability and repeatability of the data. Alongside the description of the experimental 
methodologies, this chapter provides the logic behind their adaption and refinement. 
Chapter 4 is the first data chapter within this thesis. In this chapter a range of ten 
feedstocks with different biochemical compositions are treated at 200 °C and 250 °C. 
Changes in the fuel properties are then assessed against the starting feedstock, including 
quantification of the changes in inorganic chemistry. The fuels suitability as a combustion 
fuel is then assessed using slagging and fouling indices and ash fusion tests. The findings 
show that HTC has a strong influence on the slagging propensity of the fuel, with ash 
fusion temperatures for the processed fuels melting at higher temperatures to that of the 
raw feedstock. The behaviour and mass balance is however very feedstock dependent and 
the higher lignin biomass produce higher yields of bio-coal. 
Chapter 5 develops the work presented in Chapter 4, focusing on two low quality 
biomasses, Miscanthus and brown kelp and the specific application of HTC. Based on the 
findings in Chapter 4, HTC could be a promising pre-treatment in the valorisation of these 
low quality, problematic biofuels, offering the potential to exploit an extensive and 
largely unutilised biomass resource in the form of kelp and increase conventional yields 
of Miscanthus by up to 40 % per hectare. This is demonstrated in this chapter. 
Chapter 6 looks into the influence of retention time on bio-coal combustion 
chemistry of Miscanthus. The study looks at how temperature and retention time 
influences product yields, energy density, combustion properties, the bio-chemical 
composition of the bio-coal, the process water chemistry and the retention and removal 
of inorganics and heteroatoms. The chapter then goes on to develop a mechanistic 
understanding of the HTC process chemistry and the process chemistry underlying the 
retention and removal of inorganics and heteroatoms. 
Chapter 7 looks at the influence and implications of recycling process waters on 
the bio-coal fuel properties, yields and process chemistry when processing Miscanthus. 
Recycling process waters is often cited as a route to dispose of the aqueous product, of 
which disposal is potentially challenging, however few studies have looked into its 
impact. The study looks at; product yields, energy density, combustion properties, the 
bio-chemical composition of the bio-coal, the process water chemistry and the retention 
and removal of inorganics and heteroatoms. The findings show an increase in yield and a 
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bio-coal with properties similar to a high volatile subbituminous coal. The results also 
give further insight into the HTC process chemistry. 
Chapter 8 looks into the influence particle size has on the HTC of willow 
(lignocellulosic biomass). This aspect is often overlooked in the literature with many 
studies stating HTC increases the grindability of HTC bio-coals but almost every study 
carbonising already ground biomass. The study looks at how size influences energy 
density, combustion properties, bio-chemical composition of the bio-coal, grindability, 
hydrophobicity and the retention and removal of inorganics and heteroatoms. The chapter 
then applies the mechanistic theory developed in the previous chapters and demonstrates 
how particle size is influenced by the diffusion limitations in terms of heat and the 
diffusion of products into the process water. These limitations can however be 
advantageous as by avoiding diffusion of preliminary products into the process water, 
these products enhance hydrolysis and polymerisation within the particle/ cylinder for 
cylinders up to 2.5 cm in diameter. The results go on to suggest when operating at 250 °C 
with one-hour retention time, cylinders up to 4 cm diameter can be treated without adverse 
impact on fuel properties.  
Chapter 9 looks at the influence pH and temperature has on the combustion 
properties of swine manure. The results demonstrate how pH and temperature influences 
the dehydration and repolymerisation of the bio-coals and offers insights into how pH and 
temperature influence metal and heteroatom retention and removal. The results look at 
the fuel properties of the manure derived bio-coals and demonstrate that a fuel suitable 
for pulverised fuel combustion may be possible, albeit appropriate blending maybe 
required to account for ash loading, fuel nitrogen and fuel sulphur. 
Chapter 10 draws together the findings within this thesis outlining the specific fate 
and influence of oxygen, nitrogen, sulphur, chlorine, phosphorous potassium, calcium, 
magnesium, silicon, iron and aluminium during HTC. Chapter 10 also brings together the 






2. Current Literature 
2.1. Introduction to biomass 
The term biomass can include a wide range of material that is directly or indirectly 
derived from photosynthesis reactions such as wood fuel, wood derived fuel, fuel crops, 
agricultural by-products or waste and animal by-products [39].   
2.1.1. The structure of lignocellulosic biomass  
Woody biomass has a complicated structure and comprises of three major organic 
compounds; cellulose (40-50%), hemicellulose (15-30%), lignin (16-33%), along with 
minor substances such as pectin, protein, extractives, starch and inorganics (ash) making 
up the remaining constituents [50]. Herbaceous crops such as Miscanthus typically 
comprise of the same structural components albeit with lower lignin contents and higher 
cellulose and hemicellulose content [51]. An example of the structure of lignocellulosic 
biomass can be seen in Figure 2.1. 
 
Figure 2.1: Plant cell wall and lignocellulosic biomass composition, with hemicellulose 






Cellulose is a fibrous material that provides strength to the biomass cell walls. 
Cellulose is a long chain, linear polymer that contain 5,000-10,000 glucose monomers, 
and has high molecular weight (106 or more). The cellulose polymers organise to form 
cellobiose units consisting of two glucose anhydride units [53].  
2.1.1.2.Hemicellulose  
Hemicellulose molecules are a mixture of polysaccharides derived from glucose, 
galactose, mannose, xylose, arabinose and glucuronic acids. Hemicellulose molecules are 
less structured than cellulose and consist of only 100-200 sugar monomers resulting in a 
lower molecular weight and the exact composition varies widely among different plant 
species and cell types [54].  
2.1.1.3.Lignin  
Lignin is a complex polymer that penetrates the spaces between cellulose and 
hemicellulose adding strength to the cell wall [52]. Lignin has no exact structure and is 
mainly derived from three aromatic alcohols, p-coumaryl, coniferyl and sinapyl, which 
are connected in weakly linked branched structures. Lignin is rich in carbon and due to 
this carbon contributes a larger proportion of the energy within the biomass compared to 
the other fractions [55, 56]. 
2.1.1.4.Inorganics  
Inorganics in biomass generally refer to the metal oxides in the fuel which make 
up the ash. As biomass is organic material from living or recently living organisms, 
biomass contains a number of essential minerals which are required for growth; this 
primary group includes silicon, calcium, potassium, aluminium, iron, magnesium, 
titanium, and sodium, along with the non-metallic elements sulphur and phosphorus. 
These elements make up the bulk of the ash formed after combustion [37, 38]. In addition 
to the main ash forming elements there are also a secondary group of metals known as 
the heavy metals, which include copper, zinc, cobalt, molybdenum, arsenic, nickel, 
chromium, lead, cadmium vanadium and mercury which are up taken by the plant act as 
nutrients during the plants growth but at lower concentrations to the main ash forming 
elements [57].  
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2.1.2. The structure of brown kelp 
Aquatic plants offer an alternative solution to terrestrial biomass, offering an 
extensive and largely unutilised biomass resource which does not compete with 
agriculture or forestry for land and freshwater; thus offering a potentially large biomass 
resource which should not be to the detriment of food production or carbon sinks. Brown 
kelp (Class: Phaeophyceae) is a variety of multicellular eukaryotic aquatic plant 
collectively known as seaweed or macroalgae. Brown kelp is significantly different from 
terrestrial plants in terms of their chemical composition, as well as physiological and 
morphological features [58]. Their different physiological and morphological features 
mean they exhibit exceedingly high growth rates fuelled by their high photosynthetic 
activity (6-8 % compared with 2 % for terrestrial biomass) [59] and with modern 
cultivation technologies can yield 15-20 dry tonnes of macroalgae per hectare per year 
[60].  
Since brown kelp needs to be able to withstand stormy marine conditions, brown 
kelp typically does not contain lignin due to a higher requirement for flexibility. 
Consequently kelp is predominantly comprised of carbohydrate in the form of mannitol, 
laminarin, fucoidan, alginic acid and other polysaccharides [61]. To give the algae support 
in the absence of lignin, brown algae use parallel chains of polymeric alginic acid bound 
by alkali and alkaline metals to provide the seaweed with support [62].  Consequently 
brown algae in particular are prone to accumulating alkali and alkaline earth metal ions, 
notably K+, Na+ and Ca2+, giving high inorganic/ ash contents [63]. The remaining organic 
fraction is predominantly protein, which results in comparatively high levels of nitrogen 
along with fucoidan, a structural sulphated polysaccharide comprising of fucose (a hexose 
deoxy sugar) with glucuronic acid, xylose or glucose substitutions [61]. 
2.2. Introduction to coal 
Coal is a solid fossil fuel utilised by humankind for thousands of years as a source 
of energy [64]. The pressures of climate change are resulting in the overall decline of coal 
use within Europe, though coal remains the world’s most used fuel for generating 
electricity, producing steel and making cement due to its relatively low cost and 
favourable handling properties. In 2015, coal provided almost 30% of the world’s primary 
energy, with forecasts predicting decline to 27% by 2021. It is however responsible for 
45% of all energy-related carbon emissions, in addition to other types of pollution [65]. 
Despite pressures of climate change, emerging economies, particularly in Asia, with 
growing populations are seeking affordable and secure energy sources to power their 
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economies and fuel their economic growth, resulting in the continued construction of new 
coal power generation [65]. This can lead to the lock-in of large amounts of carbon 
emissions for decades to come unless suitable biomass based fuels or carbon capture and 
storage is adopted.  
Coal is found in seams in the Earth’s crust and originated form deposited 
vegetation that underwent chemical and physical changes due to a process called 
coalification. The deposited coal differs throughout the world due to the localised 
conditions at the seams at the time of coalification and is typically characterised by three 
parameters: (i) coal rank, (ii) coal type and (iii) coal grade. Coal rank is determined by 
the degree of metamorphism (or coalification) the plant debris has been subjected to (i.e. 
the extent of the chemical and physical processing). Coal type is determined by the 
material from which the coal has been derived (wood leaves, algae etc.) and the remaining 
plant derivatives (macerals). Coal grade is determined by the amount to which the 
accumulated plant material has been kept free of contamination of inorganic material. For 
a coal to be classed as ‘high-grade’ it must have low overall inorganic content, regardless 
of rank or type [66].   
The organic fraction within coal are known as macerals, which are microscopic 
components of coal that can be linked to the type of plant material originally deposited. 
The macerals are classified into three main categories, vitrinites, liptinites and intertinites. 
Vitrinite is formed from the woody tissue derived from lignin and cellulose of the original 
biomass and tend to contain more oxygen than other macerals. Liptinites derive from 
plant resins, spores and algal remains and contain higher levels of hydrogen than other 
macerals. Intertinites derive from the same source as vitrinites but have undergone 
thermal or biological oxidation (such as forest fires) resulting in a high inherent carbon 
content [66-68]. 
2.2.1. The coalification process and coal classification system 
Coalification, the geochemical process that transforms deposited plant material 
into coal, can be described by the following steps:  
Peat → Lignite → Subbituminous coal → Bituminous coal → Anthracite 
The overall coalification process can be split into three stages: (i) a microbial 
degradation stage whereby plant material has accumulated in nearly stagnant water, 
typically not solely associated with thick peat bogs, whereby plant material undergoes 
degradation of the cellulose present in the plant material. (ii) The conversion of lignin 
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into humic substances, and (iii) the condensation of these substances to form larger coal 
molecules [67, 69]. The type of vegetation decaying and the decomposition environment 
are important factors in determining the nature and quality of the coal seams. The 
chemical and biological composition of the plant material deposited over geological 
periods and the depth, temperature, acidity and movement of water differed between 
deposit sites all affecting the coal composition. The geochemical phase is the result of 
increased temperatures and high pressure experienced over millions of years, due to the 
burying of the vegetation, and is the most important factor in the coalification process. 
The greater the extent of the coalification process the less moisture, volatiles, hydrogen 
and oxygen are present in the coal while the carbon content is increased relative to the 
original vegetation deposited [67]. The chemical processes that occur during each stage 
of coalification are outlined in Table 2.1. 
Table 2.1: The coalification process [69] 
Materials Partial Process Main Chemical Reaction 
Vegetation 
↓ 
Peatification Bacterial and fungal life cycles 
Peat 
↓ 








Preanthracitization Condensation to small aromatic ring systems 
Semianthracite 
↓ 
Anthracitization Condensation of small aromatic ring 
systems to larger ones; dehydrogenation 
Anthracite Graphitization Complete carbonification 
 
The extent of the coalification process and the conditions at the deposition sites 
result in coals with different measurable properties, these are used to rank and classify 
coal types. The classifications of coals are shown in Table 2.2 with anthracite coals 
undergoing coalification to the greatest extent. Figure 2.2 shows the influence on atomic 
H/C and O/C ratio using a Van Krevelen plot [20]. Formal classification systems have 
not been developed for coal grading but coal grade details information such as the amount 
of mineral matter present, the sulphur content, the ash fusion temperatures and the 




Table 2.2: Classification of coals (adapted from Smith et al. [64]) 








(MJ/kg) H/C O/C 
Anthracite 
Meta 1.8 2.0 94.4 2.0 34.4 0.25 0.02 
Anthracite 5.2 2.9 91.0 2.3 35.0 0.38 0.02 
Semi 9.9 3.9 91.0 2.8 35.7 0.51 0.02 
Bituminous 
Low–Vol 19.1 4.7 89.9 2.6 36.3 0.63 0.02 
Med-Vol 26.9 5.2 88.4 4.2 35.9 0.71 0.04 
High-Vol A 38.8 5.5 83.0 7.3 34.7 0.80 0.07 
High-Vol B 43.6 5.6 80.7 10.8 33.3 0.83 0.10 
High-Vol C 44.6 5.4* 77.7 13.5 31.9 0.83 0.13 
Subbituminous 
Sub A 44.7 5.3 76.0 16.4 30.7 0.84 0.16 
Sub B 42.7 5.2 76.1 16.6 30.4 0.82 0.16 
Sub C 44.2 5.1 73.9 19.2 29.1 0.83 0.19 
Lignite 
Lignite A 46.7 4.9 71.2 21.9 28.3 0.83 0.23 
Values determined on a dry ash free basis 
*4.4 % stated in literature but does not fit with trend 
 
 
Figure 2.2: Atomic H/C-O/C ratios of coals with increasing classification 
2.2.2.  Chemical composition of coal  
The structure of coal is complex and a general structure of a high-volatile 





















presented as a polymeric matrix of cyclic aromatic carbon rings (benzene and polycyclic 
aromatic hydrocarbons) linked with other aromatic structures by bridges consisting of 
aliphatic groups, oxygen functional groups and oxygen or sulphur atoms [64]. Nitrogen 
may also be present in forms such as amines but as the coal matures the nitrogen forms 
into more condensed structures (pyridines and pyrroles). Sulphur is present as sulphide, 
disulphide or mercaptan in both aliphatic and aromatic structures [64]. 
 
Figure 2.3: Representation of the chemical composition of high-volatile bituminous coal 
[70] 
2.3. Fundamentals of hydrothermal processing 
2.3.1. Hydrothermal Processing 
HTC is a form of hydrothermal processing. Hydrothermal processing is a 
collective term used for three main processes: hydrothermal carbonisation (HTC), 
hydrothermal liquefaction (HTL) and hydrothermal gasification (HTG). In hydrothermal 
processing biomass is submerged in water and is subjected to high temperatures at 
pressures, which prevent the water from evaporating. Under these conditions, water 
undergoes changes at the molecular level which in turn influence its solvation power, 
viscosity and polarity [71]. As the water is heated and compressed, its density and polarity 
change reversing its properties from a highly polar hydrogen-bonded solvent to properties 
more like a non-polar solvent such as hexane at just below the critical point [71]. The 
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conditions promoting the three hydrothermal processes are largely governed by 
temperature and pressure, which determines the solvent properties of the water. Figure 
2.4 illustrates how the ionic product, density and dielectric constant change with 
temperature.  
At temperatures below 250 °C the main yield is a solid char like residue fraction, 
known as a hydrochar or bio-coal with similar properties to that of a low rank coal, in the 
process known as HTC. As the temperature increases to between 250-374°C, an 
additional liquid oil fraction known as biocrude is formed and this becomes the target 
product in a process referred to as HTL. The transition between HTC and HTL appears 
to be feedstock dependent, with some HTC studies using temperatures above 250° C. 
Temperature appears to be the most dominant parameter in HTC although the efficiency 
of the hydrothermal process is also influenced by the percentage solids in the feed [11, 
28]. Above the critical point at 374 °C and 214 bar, the density of water becomes 
interchangeable without any phase transitions over a wide range of conditions, allowing 
radical reactions to dominate. This results in gasification of the biomass, with the biomass 
predominantly converted into carbon dioxide (CO2), hydrogen (H2) and methane (CH4) 
[72, 73]. This supercritical process is referred to as HTG or supercritical water 
gasification (SCWG). 
 
Figure 2.4. Physical properties of water at a pressure of 24 MPa versus temperature. 
Dielectric constants of typical organic solvents at room temperature are indicated [74] 
2.3.2. The chemistry of HTC 
The chemistry behind HTC is best understood for the HTC of lignocellulosic 
biomass; largely because HTC has historically been used to investigate and understand 
coalification and coal largely originates from lignocellulosics. Funke and Ziegler [11] 
extensively reviewed the literature on coalification from which their review gives good 
insight into the possible chemical mechanisms involved in the process by bringing 
together an extensive array of coalification studies. A later publication by Libra et al. [28] 
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complemented this study and gave a more in-depth insight into how the process works 
and compares technologies such as slow pyrolysis, with the report predominantly geared 
toward production of biochar (carbon sequestration) and soil amendment. Between the 
two publications the HTC process can however be summarised as follows. The aim of 
HTC is to produce a coal like bio-coal, which is: (i) more energy dense, (ii) easily friable 
and (iii) more hydrophobic than the starting material. This is achieved though the 
modified aqueous conditions providing a medium for a complex series of reactions which 
involve removal of hydroxyl groups through dehydration, removal of carboxyl and 
carbonyl groups though decarboxylation, and cleavage of many ester and ether bonds 
through hydrolysis under the modified aqueous conditions. This process reduces the 
oxygen and hydrogen content (described by the molecular O/C and H/C ratio), destroys 
the colloidal structures and reduces the hydrophilic functional groups, giving the bio-coal 
its enhanced properties [11, 28]. 
HTC is a complex series of reactions but it is generally understood that the 
following reactions take place for lignocellulosic biomass. Initially the hemicellulose and 
cellulose are readily degraded at temperatures of 180 °C and 200 °C respectfully. This 
degradation largely takes the form of hydrolysis of the hemicellulose and cellulose into 
oligomers and monomers such as (oligo-) saccharides [71]. The lignin does not start to 
degrade until slightly higher temperature, between 230 °C and 260 °C [28, 75, 76] and as 
it degrades it is hydrolysed into phenolic fragments, which are highly reactive and 
recombine quickly [28]. This maintains a coke like macromolecular structure which 
becomes increasingly aromatised with phenolic structures derived from the dehydration 
of lignin [11]. Dehydration and decarboxylation reactions remove carboxyl and hydroxyl 
groups leaving unsaturated compounds which can polymerise easily, resulting in 
condensation and polymerisation of oligomers and monomers derived from the hydrolysis 
hemicellulose and cellulose which also simultaneously undergo aromatisation and 
condense onto the aromatic macromolecule [11].  
For material with lower lignin content, cellulose appears to play an important role 
in the formation of the char. For biomass with a structural crystalline cellulose scaffold, 
such as is present in grasses, this structural scaffold appears to play an important role as 
a nucleus for the recondensation reactions, from which the char is largely derived [28, 
77]. For biomass without a structural crystalline cellulose structure the bio-coals appear 
different, with carbonaceous nanoparticles obtained and the particle size depending 
mainly on the carbonisation time and concentration, which is determined by the water to 
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solids ratio [77, 78]. It should however be stressed that the detailed nature and the relative 
significance of the above mechanisms appear strongly dependent on the type and 
composition of the feed [11].  
For lignocellulosic biomass the reaction chemistry is believed to follow the 
following process. As the water heats and becomes subcritical the increasing high 
dissociation of H+ and OH- brought about under hydrothermal conditions promotes the 
hydrolysis of the hemicellulose and cellulose giving rise to their corresponding 
oligosaccharides, monosaccharides (glucose, fructose and maltose through isomerization, 
along with pentose) and aldehydes derived from the hydrolysis of cellulose and starch 
[79-81]. The high dissociation of H+ (in the form of hydronium – H3O+) and OH- then 
leads to the decomposition of these early monosaccharides to organic acids (e.g. acetic, 
lactic, propionic, levulinic and formic acids) bringing about a rapid drop in process water 
pH to approximately 3 [82, 83]. These acids go on to generate hydronium ions which go 
on to catalyse the further degradation of the oligosaccharides generated from the 
hydrolysis of the hemicellulose and cellulose to monosaccharides [84]. These 
monosaccharides then undergo dehydration and fragmentation (i.e. ring opening and C-
C bond breaking) processes giving rise to different soluble products, such as furfural-like 
compounds and hydroxymethylfurfural (HMF) related compounds, 1,2,4-benzenetriol, 
acids and aldehydes (acetaldehyde, acetonitrilacetone) [84, 85]. These decomposition 
products undergo polymerization and condensation leading to the formation of soluble 
polymers. The polymerization or condensation reactions can be induced by 
intermolecular dehydration (two –OH groups react to leave a –O- bond removing water) 
or by aldol condensation.  The formation of C=C can result from keto-enol tautomerism 
of dehydrated species (see Figure 2.5) or by intramolecular dehydration (see Figure 2.6) 
[85]. Increased saccharide concentration along with increased organic loadings within the 
process water favour the aromatization and repolymerisation of the soluble polymers [85].  
 
Figure 2.5: Formation of C=C can result from keto-enol tautomerism of dehydrated 
species 
 
Figure 2.6: Formation of C=C can result from intramolecular dehydration 
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The formation of the bio-coal is believed to be produced by condensation through 
the intermolecular dehydration of the aromatized molecules described above [85]. The 
structure this takes is dependent on the biomass from which it is formed, with biomass 
with ‘hard’ plant tissues, such as crystalline cellulose, maintaining hierarchical shape (as 
is the case for Miscanthus), while soft plant tissues, without a scaffold do not keep their 
structure and form globular carboniferous particles [77]. Both structures are believed to 
follow the LaMer model of particle formation whereby when the concentration of 
aromatic structures reaches a certain point a burst nucleation takes place [22].  
Initially the aromatic structures would be chemisorbed though reactive oxygen 
functionalities (hydroxyl, carboxyl, carboxylic etc.) which are present on the surface, and 
dehydrate to form stable oxygen groups, ether or pyrone, within the char formation, as 
shown in Figure 2.7. Reactive oxygen functionalities will remain on the surface and 
provide binding sites for more aromatic structures [85]. Figure 2.8 is a schematic of the 
process chemistry for the hydrothermal carbonisation of cellulose, obtained from Sevilla 
and Fuertes [86] and shows the formation of a hydrothermal sphere. The reactive oxygen 
functionalities on the hydrophilic surface providing binding sites for more aromatic 
structures and the dehydrated stable oxygen groups within the hydrophobic core. This 
results in a chemical composition very similar to that of high-volatile bituminous coal, 
shown in Figure 2.3. 
 
Figure 2.7: Formation of aromatic clusters via intermolecular dehydration / 




Figure 2.8: Schematic of the process chemistry for the hydrothermal carbonisation of 
cellulose, obtained from Sevilla and Fuertes [86] 
HTC of components such as proteins and lipids are less well known, with a limited 
number of studies looking into the behaviour of these components in the HTC of 
microalgae and DDGS [87-90]. Heilmann et al. [89] undertook a mechanistic study of the 
HTC of DDGS by constructing ‘synthetic DDGS’ out of model compounds and found 
that during the HTC process triacylglycerides (TAG) along with monounsaturated oils 
and polyunsaturated oils were largely unaffected the HTC process and were simply found 
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deposited on the surface of the char. This has also been shown to happen during the HTC 
of microalgae [88, 90]. Heilmann et al. [89] also found that during the HTC process the 
protein fraction does not appear to carbonise unless accompanied with carbohydrate. The 
carbohydrate fraction appears to play an important role in the HTC of protein containing 
feedstock, with the hydrolysis derived oligomer and monomer intermediates denaturing 
and insolubilizing the protein which then becomes part of the char as opposed to it 
carbonising and becoming a nuclei around which the char forms. 
Malliard chemistry plays an important role in the behaviour of proteins within 
HTC and is likely the main route for nitrogen incorporation within the bio-coal [91-93]. 
The Malliard reaction is not just one specific reaction but rather refers to a group of 
reactions occurring between reducing sugars and amino acids. The reaction is most 
commonly associated with the reaction which gives browned foods (bread, biscuits, 
seared meats etc.) their distinctive flavour but also play a key role in HTC. In the process, 
hundreds of different compounds can be created that can themselves react further in 
various ways. It is therefore impossible to provide a definitive mechanistic pathway for 
the incorporation of nitrogen within the bio-coal from saccharides and nitrogen 
containing compounds (amino acids etc.) [16, 94].  
Figure 2.9 is adapted from Titirici [16] and shows some relevant steps in the 
Malliard reaction. This demonstrates how heteroatoms, such as nitrogen, can be 
incorporated into hydrothermal carbon derived from glucose (but applicable to other 
reducing sugars). The process starts with the nucleophilic attach of an amine (e.g. an 
amino acid) on the aldehyde of the sugar to produce glycosylamines (Figure 2.9, I), which 
loses water to give a Schiff base (Figure 2.9, II). The α-hydroxy aldehyde motif allows 
for the rearrangement of the Schiff bases to aminoketoses or so-called Amoadori 
compounds (Figure 2.9, III and IV) [95]. Compound III can form α dicarbonyl species 
(Figure 2.9, V) which could go through successive dehydrations to form HMF, which as 
discussed before is one of the main reactive intermediates in HTC [16].  
Sulphur, another heteroatom, can also be incorporated into hydrothermal carbon 
via Malliard reactions however due to the valence of sulphur, sulphur nuclides cannot 
form Schiff bases and thus cannot go through the classical Malliard reaction cascade 
shown in Figure 2.9 and alternative reactions must take place. Wohlgemuth et al., [96] 
demonstrated that when incorporating the sulphur containing compounds cysteine and 
thienyl-cysteine both molecules cultivate an additional nucleophile (either a thiol or 




Figure 2.9: Examples of the Maillard reactions applicable to HTC [16] 
2.3.3. Influence of reaction parameters on HTC 
2.3.4. Temperature  
The reaction rate and products of HTC are governed to a large extent by reaction 
temperature. The rate of hydrolysis, dehydration and polymerisation within a reaction are 
governed by temperature [11, 97], and the onset of degradation of key components such 
as cellulose, hemicellulose and lignin are also controlled by temperature  [28, 75, 76, 97]. 
This is also combined with the changes in solvent properties of water as the temperature 
changes [71, 74].  
Increasing the reaction temperature has been shown to reduce overall mass yield, 
and decarboxylation and dehydration reactions are more favourable at higher 
temperatures, demonstrated by decreasing oxygen to carbon (O/C) and hydrogen to 
carbon (H/C) ratios [29]. Decarboxylation degrades the carboxyl (-COOH) and carbonyl 
groups (C=O), forming CO2 and CO respectively. Dehydration removes hydroxyl groups 
(-OH) from the feedstock leading to less hydrophilic functional groups. Both reactions 
can therefore reduce the oxygen content significantly, in turn upgrading the energy 
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density, for oxygen adversely influences higher heating value (HHV) as shown by 
Dulongs equation (see Equation 2.1). It has also been shown that as you increase the 
reaction temperature re-condensation reactions become increasingly prevalent, with this 
shown to become increasingly prevalent by 230 ⁰C for willow [97]. Consequently by 
increasing heating you significantly increase the energy content of the char, with the net 
energy yield a trade-off between the fuel’s energy content and the mass yield [29].    
HHV = (0.3383 * % Carbon) + (1.422 * % Hydrogen) – (% Oxygen / 8)  (2.1) 
2.3.5. Residence time 
Residence times vary throughout the literature with some reports using residence 
times from less than five minutes to up to several days. It is generally assumed that longer 
residence times generally increase reaction severity [11]. It has been suggested by several 
authors that HTC is a two stage process with the initial hydrolysis reactions along with 
dehydration and decarboxylation reactions believed to have gone to completion by the 
time the hold temperature is reached [29, 98]. The advantage of retaining the reactor at 
temperature is it allows the ongoing repolymerisation of dissolved fragments in the liquid 
phase which finally lead to the precipitation of insoluble salts [11]. Hoekman et al. [29] 
experimented with varying retention times with a spruce / fir mix and analysed the acids 
and sugars present in the process water by IC and the mass yields and energy density of 
the chars. The results showed that sugars within the process water decreased as retention 
times increased, with organic acid increasing slightly. Overall, total organic carbon 
decreased, which is indicative of repolymerisation, and despite a small but noticeable 
decrease in mass recovery, energy content was shown to increase with residence time. 
Kruse et al. [99] demonstrated that increasing retention time at between 180 °C and 250 
°C reduced nitrogen content of the bio-coal.  
With residence time there appears to be a trade-off between the costs associated 
with retaining a process at temperature (influence on throughput, increased energy costs 
etc.) and an enhanced product. This is now dividing the HTC community, with a low 
retention time process now being marketed as hydrothermal torrefaction or wet 
torrefaction [100]. Within the literature “hydrothermal torrefaction”, "wet torrefaction" 
and "hydrothermal carbonization” are often used interchangeably which can be 
confusing. As discussed, HTC is a wet process, involving reaction of biomass with hot, 
pressurized liquid water and during this process, numerous chemical reactions take place, 
including hydrolysis, condensation, decarboxylation, and polymerization and 
aromatization occur. Hydrothermal torrefaction, should have the same aims as dry 
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torrefaction whereby it aims achieve an improved product though the removal of hydroxyl 
and carboxyl groups, but the energy densification is merely being achieved though the 
removal of components with a low heating value. Consequently, HTC should now be 
regarded as a longer process whereby the process has a long enough retention to 
incorporate aromatization and repolymerisation. Short retention times impose kinetic 
limitations which prevent aromatization and repolymerisation [101] and in this instance 
should be regarded as  hydrothermal torrefaction.  
Influence of particle size, and solids loading are additional factors that will 
influence the required residence time, as both diffusion-controlled transport mechanisms 
during biomass decomposition and condensation polymerisation are likely to govern the 
overall rate of reaction. 
2.3.6. Severity factor 
A number of authors in HTC have combined both the temperature and pressure 
parameters into a single factor known as the severity factor and is given in Equation 2.2 
[84, 101-103]. The severity factor being the logarithm of the reaction ordinate; this 
reactivity factor was developed by Overend and Chornet [104] to characterize hydrolytic 
depolymerisation processes during wood pulping and similar operations. The principle 
dictates that similar products are obtained through increased retention times at either a 
lower temperature or increased temperature with lower retention times. The equation is 
advantageous when predicting hydrolytic depolymerisation processes and will be suited 
to ‘hydrothermal torrefaction’ applications but becomes limited when you consider 
kinetic limitations imposed by aromatization and repolymerisation. Consequently shorter 
reaction times influence chemical composition of the products and simply operating 
hotter may not overcome this [101].  
Severity Factor = Log (time (min)) * e [(temp (°C) -100)/14.75] (2.2) 
2.3.7. Pressure  
The influence of pressure is often overlooked during HTC, with most research 
pressuring the reactor autogenically [28, 36], with the saturation vapour pressure of water 
corresponding to the reaction temperature as shown in Figure 2.10. The reaction pressure 
influences the reaction network according to the principles of LeChatelier and elevation 
in pressure is known to reduce dehydration and carboxylation, however in practice this 
has been shown to have little impact on HTC [11]. There could however be advantages 
in terms of extraction of inorganics and heteroatoms from increasing reaction pressure as 
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it will result in encapsulated gases within the biomass being compacted or dissolved, 
which will allow broader access of the water phase [97]. There could also be advantages 
to pre-pressurising the reactor over autogenic pressurisation, as autogenic pressurisation 
generates steam to pressurise the reactor and this will come with a latent heat penalty and 
could be significant on bigger reactors. 
 
Figure 2.10: Temperature – pressure phase diagram for water 
2.3.8. Solid loading 
Solid loading is the amount of organic or solid material to water on a weight basis 
and appears to be a significant parameter. Low water to solid ratios (e.g. 5:1) are shown 
to favour char formation and high water to solids ratio (e.g >10:1) favouring dissolution 
of the organic material into the aqueous phase and at high enough temperatures 
production of an oil phase (liquefaction) [28, 105]. The reason for this increase in solid 
formation is due to the simple principle that greater amount of solids will result in higher 
concentrations of monomers within the liquid phase, which will then enhance the chance 
of polymerisation [106].  
To date, the effect of solid loading on yield is not well established in the HTC 
literature, and caution is needed when trying to generalise from the data available. 
Previous research into HTC of olive waste [107], Opuntia Spp. (an agricultural cactacee 
crop) [108] and woody biomass [109] have demonstrated a slight increase in bio-coal 
yield with an increase in solid loading. Likewise it has also been noted by Álvarez-Murillo 
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et al. [110] and Sabio et al. [111] who investigated the HTC of olive stone and tomato-
peel waste that in general an increase in solid loading results in a slight increase in bio-
coal yield. The same authors however noted that such correlations between bio-coal yield 
and solid loadings do not necessarily hold across other operational conditions, such as 
retention time and temperature. Likewise, Mäkelä et al. [112] found no statistically 
significant effect of solid loading on multiple process outputs (including bio-coal yield) 
for HTC of lignocellulosic paper sludge. 
An increase in solid loading is highly advantageous for HTC as low water to solid 
ratios is likely to lead to more favourable process economies. HTC is an exothermic 
process, with the process governed by the sum of dehydration and decarboxylation [71], 
however in order to process the biomass, the water in which it is resides requires heating. 
Based on enthalpy change, heating requirements to heat water to 250 °C is 0.9 MJ/kg so 
to process 1 kg of dry biomass at 10:1 it will involve 9 MJ of heat, increasing the water 
to biomass ratio to 5:1 would reduce the heat input to 4.5 MJ. It is worth noting that it is 
likely that a large portion of the initial heat input can be recovered but reductions in the 
initial heat input are beneficial. Care is however required when reducing the biomass to 
water ratio when trying to extract inorganics from biomass since there is a risk of 
saturation and reduced extraction. 
Recycling the process waters back into the HTC process has been suggested by a 
number of authors [113-115] and may be one of the most efficient means of heat recovery 
[116]. By recycling the process waters back into the reaction the dissolution of the organic 
material into the aqueous phase, which reduces char formation, should be reduced as the 
recycled process reintroduces the organic acids generated in the previous reaction, 
including: acetic, formic, lactic and luvulinic acids [11, 29], moving reaction equilibriums 
toward greater char yield [26, 28]. Consequently when recycling process waters, water to 
solid ratios maybe less important.  
It has also been shown that evaporating water can shift solution equilibria to form 
solid precipitation [117]. The reaction equilibrium of condensation polymerization which 
proceeds under formation of water is generally shifted toward polymers by removing 
reaction water from the system [117]. Consequently lowering the reactor pressure below 
the saturation vapour pressure of water in the latter phases of HTC, once hydrolysis, 
dehydration and decarboxylation reactions are believed to have gone to completion, could 
further increase bio-coal yield though shifting equilibriums to favour repolymerisation of 
monomers in the aqueous phase. 
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2.3.9. Particle size 
There appears to be limited reports on the influence of particle size on HTC and 
even HTL, with most work published using ground biomass, typically < 1 mm in diameter 
[98]. This appears surprising given that a batch HTC process would, like torrefaction, be 
conducted on chipped fuels to avoid energy-intensive size reduction prior to processing, 
taking advantage of the improved grind-ability [43]. Consequently, there is uncertainty 
as to how the HTC mechanism works in larger particles. On smaller particles it was 
assumed that the solid product of bio-coal is largely formed by re-condensation reactions, 
some of which were aliphatic in nature [28]. With larger particles it is more uncertain 
how a particle behaves, with recent research by Mosteiro-Romero et al. [98] indicating 
that under HTC there are two distinct zones; a hydrolysis zone on the outside of the 
particle which is in contact with the process water and a pyrolysis zone within the particle 
which forms due to limited contact with water [98]. The extent of the pyrolysis zone is 
determined by the thickness of the hydrolysis zone [98]. This could be highly significant 
when trying to extract inorganics and heteroatoms from biomass as development of the 
hydrolysis zone may reduce or prevent the extraction of these elements. This will be due 
to the hydrolysis layer preventing diffusion though the particle and consequently 
understanding this process is of high importance if large biomass particles are to be used 
in HTC. 
It should also be noted that particle size will have an influence on the water to 
solid ratio discussed previously. Given any reactor will have a finite volume and for the 
process to work biomass needs to be submerged in water, increasing particle size will 
increase void size between particles, voids which will be filled with water. Consequently 
increasing particle size will invariably increase the water to solid ratio. Consequently, 
energy penalties brought about though energy-intensive size reduction needs to be 
balanced against the potential greater heat requirement and lower char yields as discussed 
in the previous section. 
2.3.10. Use of pH and catalysts during HTC 
The use of catalysts in HTC have largely revolved around the use of acid catalysts 
as it was reported early on that weekly acidic conditions improve the overall rate of 
reaction in HTC [26]. Consequently many HTC processes report the addition of such 
acids as citric acid [26, 44, 118], acrylic acid [119], and sulfuric acid [120, 121]. The use 
of organic acids appear to complement the HTC process as it is generally accepted that 
during HTC a variety of organic acids are generated, with acetic, formic, lactic and 
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luvulinic acids identified as common reaction intermediates [11, 29]. Caution is however 
required when referring to the use or organic acids as ‘catalysts’ as many organic catalysts 
are consumed in the reaction and become part of the reaction products. In this instance, 
these organic catalysts are strictly reagents and not catalysts. Addition of acetic acid has 
been shown to change reaction mechanisms, with Lynam et al. [44] demonstrating that 
additional acetic acid is not generated during HTC if acetic acid is added at the start. This 
could indicate that reactions to produce acetic acid could be reversible reactions, with 
added acetic acid pushing the equilibrium in the direction of reduced acetic acid 
production possibly resulting in hemicellulose, from which acetic acid is largely derived 
[120, 121], remaining within the char and improving yields [44].  
Experiments with alkaline catalysts have shown an initial pH of greater than 7 
leads to a liquid rather than solid product [118, 122] consequently alkaline catalysts are 
not commonly used in HTC but are commonly applied in HTL as base catalysts such as 
sodium hydroxide have been shown to favour oil yields by inhibiting repolymerisation, 
thus reducing char yield [123]. This said alkalis are added during HTC along with acids 
to accelerate the hydrolysis/degradation process by changing ion products [124, 125]. 
2.3.10.1. Influence of pH 
2.3.10.1.1. pH on cellulose and lignocellulosics 
In a study presented by Reza et al. [126] the influence of feed water pH on the 
HTC of wheat straw was investigated. An initial process water pH of between 2–12was 
studied using acetic acid and potassium hydroxide as the acidic and basic medium. The 
results demonstrated that the starting feed water pH influences carbon density and HHV 
in wheat straw, with higher carbon densities associated with lower pH. Mass yields 
indicated that pH between 4 and 8 gave the highest mass yields although a reported 
standard deviation was as great as the variation between pH. Given the lower pH was 
brought about though use of acetic acid it is also difficult to tell whether the increase in 
carbon density is simply due to an increase in acetic acid and thus more organic carbon 
within the reaction media or the influence of pH. The same authors had previously 
demonstrated in Lynam et al. [44] that acetic acid enhances the fuel value of bio-coal, 
principally though the additional addition of carbon.  
The results did show that the resulting bio-coal and process waters become acidic 
regardless of any feed water pH. This would fit with work by Antal et al., [82] and Jin et 
al., [83] that decomposition of monosaccharides to organic acids (e.g. acetic, lactic, 
propionic, levulinic and formic acids) bring about a rapid drop in process water pH to 
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approximately 3 when starting at around pH 7. The results presented in Reza et al., [126] 
showed that removal and reactivity of hemicellulose and cellulose was less in alkaline 
feed water but lignin follows the opposite path. Some caution is required here as the fibre 
method used is a modified van-Soest method [127] using ANKOM A200 Filter Bag 
Technique. The technique works by separating the components using two detergents: a 
neutral detergent consisting of sodium lauryl sulfate and EDTA, with a pH of 7.0 and an 
acid detergent, cetyl trimethyl ammonium bromide in 1 molar sulphuric acid. Extractives, 
hemicellulose, cellulose and lignin can then be determined accordingly. The method is 
however developed to determine hemicellulose, cellulose and lignin in grains, feeds and 
forages in unprocessed biomass. Figure 2.8 gives the process chemistry and char structure 
for the hydrothermally carbonised cellulose it is likely that carbonised, repolymerised and 
aromatised material will be more lignin like in structure (see Figure 2.1), despite not 
necessarily being from lignin origin. Consequently, to draw the conclusion that the lignin 
content is recalcitrant using this technique is not strictly correct.  
The results of Reza et al., [126] did show that relative yields of more sugars, less 
furfural derivatives, and less organic acids were produced, when wheat straw was treated 
with alkaline feed water. This result is not necessarily surprising as introducing potassium 
hydroxide should neutralize the generated organic acids [124], which would otherwise go 
on to catalyse the further degradation of the sugars generated from the hydrolysis of the 
hemicellulose and cellulose [84, 128].  
Work by Yang et al. [124] also demonstrated that the hydrothermal process can 
be influenced by the exchange of sodium ions in sodium hydroxide at high pH, reducing 
polymerisation and, while work in Reza et al., [126] used potassium, both elements are 
group one elements and should behave similarly. Yang et al. [124] in a similar study also 
demonstrated that sodium hydroxide in the HTC process results in the decomposition of 
lignin and found changes in pH from 4 to 9 had no significant influence on the bio-coal 
H/C, O/C, and proximate characteristics. Like Reza et al., [126] bio-coals produced at pH 
2 had more suitable fuel properties, including high higher heating values and fixed carbon 
contents, but this was accompanied with lower yields.  
Lu et al. [128] evaluated how changes in initial process water pH influenced the 
carbonization mechanisms and product composition, yields, and energy value of bio-coal 
derived from cellulose. The study used normalised concentrations of mineral acids and 
bases hydrochloric acid, sulphuric acid, sodium hydroxide and calcium, along with the 
organic acid, acetic acid. Cellulose dissolution appears to be accelerated in the presence 
of initially acidic process water (0.0001–0.01 N HCl and H2SO4), as evidenced by lower 
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solid recoveries at early reaction times (<1.5 h) when compared against a control 
experiment in deionised water. Yields beyond 1.5 hours were similar for all experiments, 
this would indicate that acidic conditions appears to catalyse cellulose dissolution and the 
mineral acids are not acting as reagents. The results also showed a difference between the 
mineral acids at the same pH, with the addition of 0.01 N sulphuric acid appearing to 
promote more decarboxylation than the 0.01 N hydrochloric acid, based on the observed 
carbon yields in the gas phase.  
Carbonising in initially basic conditions (0.001–0.01 N NaOH and 0.001–0.01 N 
Ca(OH)2) also influences initial cellulose dissolution. Calcium hydroxide has an effect 
similar to that observed when carbonizing in the presence of acids; initial cellulose 
dissolution increases as base concentration increases. The inverse was however observed 
for sodium hydroxide, with cellulose dissolution decreasing as the sodium hydroxide 
concentration increases; with solid recovery obtained when carbonising in the presence 
of sodium hydroxide appeared similar to that of the control. Analysis of the process waters 
of the sodium hydroxide addition at 0.01 N indicated the presence of glucose at 1.5 hours, 
along with high concentrations of  5-HMF (a major decomposition product of glucose). 
The decrease of these products with time suggest that rather than catalyse the 
carbonisation reaction the sodium hydroxide may inhibit the reaction. This would fit with 
the trends seen in Reza et al., [126] and Yang et al. [124]. Lu et al. [128] put this down to 
the degree of cellulose swelling in the HTC reaction; cellulose swelling has been shown 
to decrease with increasing alkali concentration [129]. Normalisation of the solutions 
mean that the hydroxide should not vary between the sodium and calcium runs, so the 
results indicate that sodium ions (Na+) and calcium ions (Ca2+) influence cellulose 
dissolution / decomposition differently.  
2.3.10.1.2. pH on lignin 
Wikberg et al. [130] looked into the influence of 0.15 molar sodium hydroxide on 
the HTC of kraft lignin at 240 °C for 22 hours. In this research, it was found that under 
HTC conditions a thermally more stable, rigid and cross-linked structure was formed with 
a slightly higher energy density than the starting lignin. This was brought about through 
changes in the lignin structure caused by the cleavage of carbon side chain structures as 
well as demethylation causing increasing amount of catechol structures to be present 
within the char. The use of sulphuric acid as a catalyst promoted the faster degradation of 
lignin under HTC conditions resulting in higher solid yields and carbon recoveries, 
creating at the same time a more stable carbonaceous structure. 
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2.3.10.1.3. pH on manures 
Acid catalysed HTC appears most commonly applied to manures, with Ekpo et 
al. [131] and Dai et al. [132] investigating the influence of acids on the recovery of 
phosphorus and nitrogen in swine and cattle manures respectively. Ekpo et al. [131] 
investigated sodium hydroxide, sulphuric acid, acetic acid and formic acid at 0.1 molar 
concentration and the results indicated that operating hydrothermal treatment in the 
presence of acidic additives has benefits in terms of improving the extraction of 
phosphorus and nitrogen. It was generally observed that phosphorus extraction is pH and 
temperature dependent and is enhanced under acidic conditions. The highest level of 
phosphorus is extracted using sulphuric acid, reaching 94% at 170 °C. The phosphorus is 
largely retained in the residue for all other conditions. Extraction of nitrogen is not as 
significantly influenced by pH, although the maximum extraction is achieved using 
sulphuric acid.  
Dai et al. [132] undertook HTC at 190 °C for 12 h using hydrochloric acid at 
varying concentrations. The results showed that HTC in 2% hydrochloric acid extracted 
almost 100% phosphorus and 63 % nitrogen. Decreasing pH saw a small increase in 
carbon content and a large decrease in oxygen content, which should increase energy 
content (not stated). Decreasing pH did however have an impact on yield with yields 
reducing from 70 % (db) to 53 % (db), albeit this reduction appeared predominantly 
associated with removal of oxygen. Fuel volatile matter was seen to decrease with 
increasing fixed carbon with decreasing pH. These results suggested that HTC in dilute 
acid could simultaneously facilitate nutrient recovery from manure and bio-coal 
upgrading.  
Ghanim et al. [133] looked into the HTC of poultry litter at 250 °C for 2 h using 
various initial pH and acetic and sulphuric acid. The results indicated that undertaking 
HTC in the presence of acids at decreasing pH increased the carbon content and HHV of 
the bio-coal. Increasing sulphuric acid content appeared to both increase yield and 
decrease ash content. The reduction in yield does however go against other trends with 
low pH, moreover higher volatile matter contents in these chars also contradicts the 
findings in Chen et al. [134] who used sulphuric acid and bagasse.  
2.3.10.1.4. pH on electrokinetic potential 
pH should also play a key role in the flocculation repolymerisation during 
hydrothermal carbonisation due to its influence on the zeta potential. Zeta potential, or as 
it is more correctly known: electrokinetic potential, is a key indicator of the stability of 
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colloidal dispersions and the magnitude of the zeta potential indicates the degree of 
repulsion of likewise charged particles in a dispersion. A high zeta potential will give a 
high dispersion stability, which will mean the solution or dispersion will resist 
agglomeration; a low zeta potential will result in the dispersion flocculating. The most 
important factor affecting zeta potential is pH.  
Bio-coals have a negative zeta potential as the HTC materials have a negative 
acidic oxygenated groups on the surface, making them behave like week acids [91]. 
Moreover the bio-coals will remain acidic during repolymerisation and the removal of the 
oxygenated surface functionality due to the incorporation stable oxygen groups, ether or 
pyrone, within the char formation [91]. If alkali is added to a hydrothermal suspension 
then the particles will tend to acquire a more negative charge [135]; and this will reduce 
the chance of them flocculating and forming the char. If acid is added to the suspension, 
a point is reached where the negative charge is neutralised. The point, at which zeta 
reaches zero is the isoelectric point and this would be the point the suspension is most 
likely to flocculate.  
Yu et al. [135] demonstrated that for glucose, sucrose and starch, a zeta potential 
of -15 is present at pH 3; xylose had a zeta potential of -25. When the isoelectric point is 
reached further addition of acid will result in the build-up of positive charge on the bio-
coal [136]. Consequently, at very low pH it would be possible that a positive zeta potential 
will be created which could make the suspension stable and prevent flocculation. In zeta 
potential experiments presented in Zhao et al. [137] the isoelectric point is reached at 
approximately pH 2 got glucose chars following hydrothermal treatment at 180 °C 
overnight. For chitosan and glucosamine, it was between pH 5 and 6.   
2.3.10.2. Influence of salts 
The use of salts as catalysts have also been researched, although are less common 
than acid catalysts. Lynam et al. [48] investigated the influence of lithium, calcium and 
magnesium chloride, formate and acetate salts on their catalytic role in HTC.  Salts were 
used in high concentrations (1:1 biomass to salt and 5:1 water to biomass ratio) and the 
results showed chloride salts generally lead to an increase in energy density of the fuel, 
with a net increase in the energy recovered by HTC. The formate and acetate salts were 
shown to result in a lower HHV than the control although it was reported that yields were 
higher. Authors have hypothesised that the presence of acetate and formate in the process 
water is changing reaction equilibriums and reducing the production of acetic and formic 
acid, resulting in a greater proportion of hemicellulose and cellulose within the char. The 
energy yields through the addition of these salts were largely not changed but a lower 
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energy density product would be less favourable. The higher HHV and greater energy 
yields for chloride salts was attributed to chloride ions being known to disrupt the 
hydrogen bonding between adjacent cellulose polymer strands [138, 139], facilitating 
their solubilisation and removal from biomass. It has also been suggested that lactate 
might perform a similar action in disrupting cellulose hydrogen bonding. If more 
cellulose is removed from the biomass, a higher proportion of lignin remains, increasing 
the biochar’s HHV [48].  
In addition to the effects on yield, salts were also shown to reduce reactor pressure, 
with chloride salts resulting in the greatest pressure reductions, with pressures 30% lower 
for lithium chloride [44, 48] and 19% lower for calcium chloride [48]. Other salts, 
excluding calcium formate, reduce pressure by about 7%, with about 10% of salts 
remaining in the bio-coal product [48]. This pressure drop could have additional catalytic 
benefits for the HTC process as pressure has been demonstrated to supress dehydration 
and decarboxylation and the lower reaction pressures may favour enhanced dehydration 
and decarboxylation.  
It was suggested by Lynam et al. [44] and Yu et al. [140] that the added salts also 
may catalyse condensation reactions which cause the formation of products with greater 
HHV, which may precipitate into the biochar pores. This would seem less likely if the 
role of salts is to reduce reaction pressure. It is suggested in coal studies that compaction 
enhances polymerisation as polymerisation is a slow process due to low diffusivity [11] 
and lowering pressure would not enhance this.  
In addition to pH, Lu et al. [128] evaluated how salt addition influenced the 
carbonization mechanisms, product composition, yields, and energy value of bio-coal 
derived from cellulose. It was shown that salt addition to the initial process water 
accelerated cellulose dissolution, but sodium chloride and calcium chloride (at equivalent 
Cl− concentrations) influence solid recoveries differently. By increasing sodium chloride 
concentration cellulose dissolution was increased but with the final solid yield being 
similar to that of the control experiment in deionised water. Calcium chloride initially 
increased the rate of cellulose dissolution but then after one hour yields stop decreasing 
and a higher solid yield is achieved. Analysis of the carbon content indicates that the 
carbon content of this char is lower, with lower carbon contents observed for all the 
calcium chloride runs (0.01, 0.025 and 0.5 N CaCl2) when compared with the deionised 
water control. The inverse was observed for the sodium chloride runs. The largest 
difference between the solids generated in the presence of calcium chloride and sodium 
chloride was the change in oxygen content, which generally has a significant impact on 
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solids energy content. As the sodium chloride concentration in the initial process water 
increases, the oxygen content of the recovered solids at a reaction time of 3 h decreases. 
The opposite trend was observed when carbonizing in the presence of calcium chloride. 
The reduction in energy content with the addition of calcium chloride differs from 
that reported by Lynam et al. [48] albeit both studies used different temperatures, reaction 
times, and feedstock and it is possible this has resulted in the difference. In previous work 
presented in Lu et al. [141] it was reported that the majority of oxygen initially present in 
the feedstock is transferred to the liquid-phase during HTC. The results seen in Lu et al. 
[128] would then suggest that the Na+ and Ca2+ cations influence the transfer of oxygen 
from the solids to the liquid-phase, influencing solids energy content [128]. Analysis of 
the process waters of the calcium chloride runs did however indicate that liquid phase 
reactions had advanced with complete removal of glucose and 5-HMF at longer retention 
times, with higher yields of levulinic acid, with reducing formic acid yields, which was 
suspected to be being converted to hydrogen gas. This result is consistent with work by 
Patwardhan et al. [142] which showed that mineral salt addition may accelerate the 
formation of low molecular weight compounds, including formic acid. The results 
presented in Lu et al. [128] showed significantly more hydrogen was measured in the gas-
phase when carbonizing in the presence of CaCl2 indicating conversion to hydrogen gas. 
The authors hypothesised that despite an increase in liquid phase reactions that full 
cellulose conversion from the solid phase had not occurred because of solid surface 
passivation (formation of a protective micro coating), preventing chemical corrosion of 
the cellulose. The greater amount of oxygen remaining integrated within the recovered 
solids after suggesting this surface passivation is preventing dehydration, which is 
increased with larger CaCl2 concentrations. 
2.3.10.2.1. Salts as Lewis acids 
In addition to salt addition influencing reaction mechanisms due to their ionic 
products; many metal salts are Lewis acids. There has subsequently been some interest in 
using metal salts as Lewis acids as an alternative to mineral acids due to the greater ease 
in recovery of the metal salts making the catalysed carbonisation process more friendly 
[143]. Zinc chloride [144], copper (II) acetate [23], ammonium iron (II) sulphate [145], 
iron (II) chloride [143] and iron (III) chloride [143, 146] have been investigated as Lewis 
acid catalysts and the lithium, calcium and magnesium catalysts in Lynam et al. [48], 
sodium chloride and calcium chloride catalysts in Lu et al. [128] will also influence 
acidity being Lewis acids.  
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Cui et al., [145] demonstrated that iron ions and iron oxide nanoparticles can 
effectively catalyse the hydrothermal carbonization of starch and rice grains under mild 
conditions (≤200 °C). The iron oxide acts as an alkali catalyst. The difference between 
the acid and alkali is the significant influence on the formation of carbon nanomaterials 
with different shapes. In the presence of Fe2+ ions, both hollow and massive carbon 
microspheres can be obtained. In contrast, the presence of Fe2O3 nanoparticles leads to 
very fine, rope-like carbon nanostructures. In Hamid et al. [143] the iron Lewis acid 
catalysts promoted the complete carbonisation of cellulose at 200  °C where incomplete 
carbonisation was observed in the absence of the salt. Differences between iron (II) 
chloride and iron (III) chloride was observed, with the greater C=O functionality when 
compared to iron (III) chloride. The authors put this down to differences between the Fe2+ 
and Fe3+ ions as opposed to the iron (III) chloride being a stronger Lewis acid, albeit the 
latter does not appear to be considered.  
Wikberg et al. [130] looked into the influence of 2 wt % iron (II) chloride 
(percentage catalyst to biomass) on the HTC of kraft lignin at 240 °C for 22 hours. This 
work found that Fe2+ ions had only minor effects on the final structure of the lignin 
derived bio-coal compared with the uncatalysed lignin derived bio-coal. There is also 
evidence that under liquefaction conditions alkali salts are known to improve C-C scission 
rates [49] although this research has yet to be done under HTC conditions.  
2.3.10.3. Role of metals in polymerisation 
There is some evidence that cations do play a role in polymerisation, with 
experiments looking into the formation of carbon microspheres from alginate finding that 
divalent cations, such as calcium and magnesium, bind acid units, in this case poly-
guluronic acid units, forming stable cross linking chains which then carbonise as spheres 
[147]. Cui et al. [145] demonstrated that iron ions and iron oxide nanoparticles alter the 
shape of the carbon formation. In the presence of Fe2+ ions, both hollow and massive 
carbon microspheres can be obtained. In contrast, the presence of Fe2O3 nanoparticles 
leads to very fine, rope-like carbon nanostructures.  
The influence the metals have on polymerisation is not yet clear. In fossil coal, 
metals are known to exist within the coal matrix as salts of carboxylic acids, alcohols and 
phenols [148]. Removal of metals from within the coal matrix of low rank coals is known 
to lead to the solubilisation of low rank coals. Likewise the addition of divalent cations 
(Ca2+, Mg2+ Fe2+) and trivalent cations (Fe3+ and Al3+) has been shown to re-precipitate 
the coal (taking into account potential for acid precipitation), while monovalent cations 
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(Na+) had no effect on precipitation [148]. This would suggest that metals present, 
specifically the multivalent cations, may play a role in the formation of the bio-coal.  
Work modelling brown coal formation has shown that di-valiant cations aid the 
formation of energetically favoured, undistorted structures. The metal ions appear to 
become surrounded by oxygen functional groups, with carboxyl groups potentially acting 
as bi-dentrate ligands to calcium ions (e.g. R-COO-(Ca2+)-OOC-R). The trivalent cation 
iron was modelled and found to form less energetically favoured, distorted structures, 
associating with carboxyl and phenoxy groups [149]. This binding would suggest that 
multivalent cations play a role in the bio-coal formation through the chelating of aromatic 
structures though carboxyl groups and interactions with the surrounding functional 
groups which then dehydrate to form stable oxygen groups.  
It is unclear what role mono-valiant cations have in the bio-coal formation. It has 
been modelled in Domazetis and James [149] that sodium ions form week ionic bonds 
with carboxyl functional groups  (e.g. R-COO-(Na+)) and it appears likely there will be 
similar interaction with potassium. The solubilisation and metal precipitation experiments 
of low rank coals presented in Quigley et al. [148] would suggest sodium and potassium 
play no role in the chelating of aromatic structures. It appears likely addition of divalent 
cations (Ca2+, Mg2+ Fe2+) and trivalent cations (Fe3+ and Al3+) would likely remove these 
sodium and potassium ions through ion exchange. Without surplus multivalent cations it 
appears likely that sodium and potassium will remain within the bio-coal. Moreover 
ammonium within the process water would likely exchange with potassium, sodium, 
calcium and magnesium ions due to its higher affinity in cation exchange. There is also 
evidence that under liquefaction conditions alkali salts are known to improve C-C scission 
rates [49] although this research has yet to be done under HTC conditions. 
Silicon has also been demonstrated to aid formation of carbon structures during 
HTC, with silicon forming ‘hard templates’ to which carbon structures may be deposited 
[150-153]. While this may in part be due to the low solubility of silicon dioxide, partial 
dissolution of silicon, as reported in Fellinger et al. [150] would suggest some role for 
silicon in char formation being a tetra-valiant metalloid. Use of metals and inorganics for 
templating has been less used for fuel but long been associated with formation of 
mesoporous carbon synthesis via HTC for catalytic purposes [118] and has long aided the 
formation of metal/carbon nanoarchitectures [23], carbon nanofibers [24] and spheres 
[25]. There has been a move toward naturally synthesised inorganic structures, with the 
use of calcium carbonate from crustacean shells used as a template in White et al. [154] 
and Soorholtz et al. [155]. The use of calcium over silicon is favourable over the more 
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conventional silicon templates as there is usually a requirement to remove the inorganic 
structure. Calcium carbonate can be easily removed using week Brønsted acids such as 
acetic acid, whereas silicon relies on hydrofluoric acid, ammonium fluoride and caustic 
sodium hydroxide, which bring with it safety concerns [156]. More recently template 
assisted carbon structures using HTC have moved away from inorganic templates 
favouring carbon based materials such as polystyrene, phloroglucinol, phenol-
formaldehyde and latex [157-164]. 
2.3.10.4. Influence of catalysts on inorganic chemistry 
The role catalysts have on inorganics within the final bio-coal is currently 
unknown, although the results of Lynam et al. [48] have shown that addition of salts 
increases the salt content and thus inorganic content with the char, with about 10 % of the 
salt added found in the ash. Zhai et al. [165] looked at the influence of pH on the fixation 
of heavy metals within bio-coal derived from sewage sludge and found that alkaline 
reaction condition was beneficial to form stable chelates between heavy metal ions and 
carbon. Acids have been shown to aid leaching of salts in biomass washing [42, 43] and 
organic acids should react and leach salts during the HTC reaction. Whether this leaching 
will be enhanced by the addition of organic acids is unknown as the results presented in 
Lynam et al. [44] suggests addition of acetic acid inhibits further acetic acid production 
and the same mechanism may happen with formic acid and its influence on cellulose 
degradation [166].  
As the formate and acetate salts of calcium and magnesium appear to show the 
same inhibition to formic and acetic acid production as shown with acid addition [48], it 
is likely the same amount of inorganics (cations) will be leached irrespective of the 
amount of organic acid added as a catalyst for cellulose and hemicellulose containing 
feedstock. Loading organic acids at concentrations in excess of the equilibrium 
concentration, whereby more organic acid is in the process water than would otherwise 
be produced may simply result in the acid being reformed into another compound and 
leading to no enhanced acid leaching. Because of the potential equilibrium issues with 
formic and acetic acid, increasing the water to biomass ratio maybe the solution to 
enhancing the leaching of inorganics though organic acids as this will allow a greater 
organic acid to biomass ratio while not exceeding the reaction equilibrium. Addition of 
mineral acids may however not have the same influence on reaction equilibriums and lead 




2.3.10.5. Influence of atmosphere 
The addition of carbon dioxide (CO2) to hydrothermal processes has also been 
developed as an alternative catalyst in hydrothermal processing [167, 168] and applied to 
HTC in [169]. In an aqueous medium, carbon dioxide reacts with water to form carbonic 
acid, which promotes an acid catalysed hydrothermal reaction. Moreover, due to the 
volatile nature of carbon dioxide, the catalyst recovery is almost complete at no cost. 
Similar to other catalysts, the addition of carbon dioxide was found to enhance the 
hydrothermal reaction [168, 170, 171]. Most studies on carbon dioxide enriched 
hydrothermal treatment focused on a hydrolysis process, which aims at maximization of 
the water-soluble products (e.g., sugars) yield for chemicals production. In Bach et al. 
[169] carbon dioxide was found to improve the reactivity of forest residues during mild 
HTC treatment at between 175 to 225 °C with 30 minute retention time compared with 
the control. The bio-coals produced in carbon dioxide had lower heating value, lower 
mass yield and energy yield, but better grindability and hydrophobicity, compared with 
the controls. The addition of carbon dioxide was however shown to enhance ash removal 
with HTC with carbon dioxide addition reducing ash content by 60–69% compared to 
only 14–26% for the control. Analysis of the changes in ash chemistry was not 
undertaken. Increasing temperature and retention time may allow for increased 
polymerization, which could enhance energy content.  
2.3.10.6. Influence of catalysts on fuel nitrogen 
During the HTL of microalgae the heteroatom, nitrogen, is known to have 
catalytic influence on the liquefaction reaction. In HTL of microalgae the reaction does 
not require the alkali catalysts (KOH, NaOH, Na2CO3) used in HTL of lignocellulosics 
to promote alkaline conditions which favour oil production. Instead the high protein 
content of microalgae gives a high nitrogen content which in turn gives alkaline 
conditions which favour liquefaction [172, 173]. It is likely that nitrogen will have a 
similar catalytic effect on the products of HTC if protein or nitrogen is at high enough 
concentrations. 
The use of catalysts to remove nitrogen from fuel has also been researched. While 
denitrogenation is known to occur under hydrothermal conditions, reductions are 
feedstock specific with leaching from  antibiotic residue wastes reaching 45 % of nitrogen 
at 200 °C [174] but denitrogenation of organic nitrogen compounds in municipal wastes 
not occurring until 275 °C in pure water [175]. Broch et al. [173] showed denitrogenation 
occurs in microalgae, pine and sugarcane bagasse but the percentage of nitrogen in the 
char did not change significantly at 175 and 215 °C. Addition of alkaline, alkaline earth 
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metal salts and the alkaline metal hydroxides by Akimoto et al. [175] have however 
shown the pH of the aqueous solution plays a significant role in the hydrothermal removal 
of the organic nitrogen, indicating hydrothermal denitrogenation occurred readily under 
acidic or basic conditions. Alkaline metal hydroxides were found to be the most effective 
for the hydrothermal denitrogenation, with more nitrogen removed with increasing the 
basicity of the alkaline metals, with the results indicating that hydrothermal 
denitrogenation occurred primarily via an ionic reaction path catalysed by OH- ions in 
aqueous alkaline solutions [175]. 
2.4. Combustion of solid fuels  
Solid fuels have been utilised for energy production through combustion in 
pulverised fuel power plants for decades. The fundamental combustion process of solid 
fuels whether coal, biomass or treated biomass is the same [39, 68] and can be described 
by the process outlined in Figure 2.11 and discussed in the following sections. 
 
 
Figure 2.11: Overall combustion process of coal [176] 
2.4.1. Heating and drying  
In a combustion system the pulverised fuel (PF) particle enters a boiler at 
relatively low temperatures and is rapidly heated whereby the surface temperature 
increases and inherent moisture within the particles porous structure evaporates [68]. 
Since vaporisation uses energy released from the combustion process, it lowers the 
temperature within the combustion temperature, which slows down the combustion 
process. High moisture content can delay particle heating, which in turn can increase the 
overall combustion time and is a problem in biomass fuels where moisture contents can 
be up to 60 wt% [39] compared to bituminous coals that contains 1-12 wt% [176]. Wet 
biomass can require so much energy to heat water vapour that temperatures can be 
39 
 
reduced to below the minimum temperature requires to sustain combustion [39]. 
Consequently, moisture content is a very important fuel variable and appropriate control 
is required to achieve flame stability, a critical variable when safely operating combustion 
plant [68]. In most bio-fuel based literature, energy values are stated as Higher Heating 
Value (HHV) or gross calorific value and HHV assumes water vapour formed during 
combustion is condensed and this energy is recovered. Lower Heating Values (LHV) (net 
calorific value) takes into account the latent heat requirements for the water within the 
fuel. Moreover, LHV also takes into account the water generated and evaporated from 
the fuel bound hydrogen. Biomass and lower rank coals typically have higher hydrogen 
contents than higher rank coals and this hydrogen generates water on combustion, which 
requires heat to vaporise it. Given that in many combustion applications (e.g. coal power 
station) the latent heat is not recovered, LHV is often the more significant value as it 
represents the overall energy available. 
HTC has been demonstrated to have enhanced hydrophobicity and dewaterability 
(mechanical water recovery) compared to biomass due to the dehydration of the fuel and 
removal of biomass structures [47, 177-180]. Water immersion tests of bio-coal pellets, 
presented in Kambo and Dutta [179], along with equilibrium moisture content (EMC), 
indicates the moisture content of the bio-coal appears dependent on the hydrothermal 
reaction severity but do not appear to rehydrate like biomass and have more coal like 
moisture contents of 1-12 wt% even after submersion [177, 179]. Moreover bio-coals are 
more hydrophobic than the equivalent torrefaction fuels [177, 180]. The results of EMC 
and submersion tests could also suggest that open air storage could be possible with bio-
coal due to the enhanced hydrophobicity. Storage outside would be significant advantage 
as it may overcome issues with silo storage. For biomass, spontaneous combustion is 
associated with storage as the hydrophilic nature of biomass means biomass must usually 
be stored in silos to avoid wetting which could result in high moisture contents on 
combustion and biological decomposition of the fuel. Issues with stored biomass and silos 
arise when the biomass undergoes biological and chemical processes which consume 
oxygen, generate heat and release combustible gases, which when hot can ignite [181]. 
Coal, being far less hydrophilic than biomass can undergo open-air storage avoiding this 
issue. The hydrophobicity of coal does however deteriorate with time as a product 
weathering processes during handling and transport or when the coal is stockpiled under 
different environmental conditions leads to coal oxidation and increasing coal 




Determining the moisture content is undertaken using an oven dry method, 
whereby a biomass sample is heated at 105 °C until a steady mass is achieved. The 
moisture content taken as the change in mass.  
2.4.2. Devolatilisation  
The second step in the combustion process, outlined in Figure 2.11, is the 
devolatilisation step. As the particle is heated (typically to temperatures above 200 ºC) 
the fuel starts to decompose and light volatile gases are released in a process known as 
pyrolysis. This pyrolysis step is highly important for lignocellulosic materials as cellulose 
and lignin are not directly combustible but decompose to form combustible compounds 
when subjected to a sufficient source of energy [68]. These volatiles are driven out of the 
fuel particle and prevent oxygen, present in the combustion environment, from 
penetrating the particle and oxidising the carbon, hydrogen, and sulphur present in the 
particle. As the thermal energy is able to penetrate the particle but the oxygen is not, a 
solid fuel particle undergoes pyrolysis until devolatilised [182]. The escaping volatiles 
burn much more quickly than the char, the fraction remaining after devolatilisation, and 
therefore understanding the devolatilisation behaviour of a fuel is important in terms of 
flame ignition, flame stability, flammability limits and the formation of pollutants such 
as nitrogen oxides [68].  
From a practical standpoint, volatility is influenced by two factors: fuel particle 
size and combustion temperature. Particles that are smaller release more volatiles and at 
a faster rate. In addition, higher temperatures cause more volatiles to be released, whereas 
lower-temperature environments promote char formation [68]. Increasing particle size 
generally results in larger char yields but to what extent the particle size influences 
volatile yield is fuel dependent. As discussed in Section 2.1.1. lignocellulosic biomass 
comprises of three major organic compounds; cellulose, hemicellulose and lignin with 
the respective ratios not only varying between woody and herbaceous biomass but also 
within each category. For lignocellulosics the hemicellulose and cellulosic component is 
mostly converted to the combustible and non-combustible volatiles. Lignin components, 
on the other hand, contribute to the char fraction [68]. Due to the high proportion of 
hemicellulose and cellulose within lignocellulosic biomass, biomass contains higher 
volatile fraction and a much smaller char fraction than those seen in coals [183]. This 
changes the temperatures and nature of the fuel’s heat release, with 70% of the heat output 
associated with volatile combustion for biomass and 36% of the total heat output 
associated with volatile combustion for coal [183]. Moreover the devolatilisation process 
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determines the properties of the remaining char such as char yield, porosity and 
composition, all important factors in the overall char combustion properties [184]. 
In addition to the amount of volatiles released, heating rates and final temperatures 
influence the nature of the pyrolysis products released. The devolatilisation and pyrolysis 
mechanisms of a biomass can be seen in Figure 2.12. Wide ranges of gaseous products 
and vapours are released during the devolatilisation stage and these are dependent on 
which part of the biomass is undergoing pyrolysis. For lignocellulosics, the hemicellulose 
initially decomposes followed by the cellulose and then the lignin, with the long 
polymeric chains cracking to produce vapours which leave the particle via the pores 
formed during the drying stage [185]. On leaving the particle these vapours react with 
oxygen, ignite and result in flaming combustion. During this stage a wide range of gases 
and vapours are produced dependent on the temperature and part of the plant undergoing 
devolatilisation.  
Hemicellulose is the first to decompose (200-260 ºC) forming acetic acid, 
formaldehyde, carbon monoxide, hydrogen, furfural and furan. Decomposition of 
cellulose starts between 240 ºC and 350 ºC, with the first stage in the decomposition of 
cellulose is the production of active cellulose which will then produce charcoal by 
dehydration or levoglucosan depending on the temperature. The levoglucosan will then 
decompose further to form hydroxyl-acetaldehyde, acetol, furfural, CO and a range of 
other compounds. The final fraction of the plant that starts to decompose is the lignin, 
which decomposes between 280 ºC and 500 ºC producing aromatic compounds and the 
largest fraction of the char. The aromatics are produced as the straight chain links of the 
lignin decompose releasing phenols, carbon dioxide, hydrocarbons, formic acid, acetic 
acids, methanol and higher fatty acids also being produced [186]. Typically, the 
conditions seen in pulverised fuel combustion favour light volatiles rather than tar 
formation [183]. The temperature at which pyrolysis starts in biomass is about 200 ºC to 
250 ºC compared to 350 ºC for bituminous coal.  
Determining the volatile content is achieved using an international method (BS 
EN ISO 18123:2015) whereby a fuel sample is devolatilised in specially designed 




Figure 2.12: Devolatilisation pathway of ligno-cellulosic biomass [186] 
2.4.3. Char combustion 
The char burnout is the final step of solid fuel combustion (Figure 2.11) whereby 
ignition of the char occurs though the direct oxidation of the char matrix by the furnace 
atmosphere. The char oxidation step can be several orders of magnitude slower than the 
devolatilisation step and is often the rate determining step in the overall combustion 
process [64]. During the combustion of char, the reactant, usually oxygen, diffuses from 
the combustion atmosphere through the boundary layer to the surface of the char and 
penetrates the porous particle. The oxygen reacts with the carbon on the surface and at 
the pore walls producing CO, which can react in the gas phase in the area surrounding the 
particle to form CO2, with changes to the pore structure within the char either enabling or 
inhibiting the combustion process [64].  
2.4.4. Combustion of solid fuels in relation to co-firing and pulverised fuel 
applications 
Application of biomass in pulverised coal-fired power plants is often favourable 
as it involves utilising existing infrastructure. Most of these pulverised coal-fired power 
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plants have usually been built to burn a ‘design’ fuel, whereby the design fuel is usually 
a typical coal from the locality. These design fuels use parameters including ash content, 
Hardgrove Grindability Index (HGI), volatile matter content, combustion behaviour, and 
slagging and fouling characteristics (collectively referred to as the coal grade) in an 
attempt to account for boiler performance [187]. Consequently, for pulverised coal 
applications, fuel specifications are often site-specific and for pulverised fuel 
applications, where the design fuel becomes unavailable, different coals are typically 
blended to best match the performance parameters.  
2.4.4.1.Influence of combustion profile on co-firing  
When burning fuel, it is important to achieve flame stability to sustain the flame 
and ensure safe boiler operation. To achieve a stable flame you first need to achieve 
ignition, whereby you attain substantial burning of a combustible material. To achieve 
ignition there is an initial heat loss due to the evaporation of any residual water and 
heating of the particle to the point of ignition, which results in a heat loss. This heat loss 
needs to be balanced by the heat release at the ignition temperature. Flame stability 
requires the rate of burning (flame velocity) to match the rate of material feed. If these 
are not matched, the flame will either blow off or flash back [187]. Thermo-gravimetric 
analysis (TGA) is one method originally developed by Babcock and Wilcox for 
comparing and evaluating fuels and by calculating the first derivative thermogravimetric 
(DTG) curve, with the characteristic temperatures being typically interpreted [68]. This 
method is discussed in detail in Section 3.8 but in essence, the method looks to identify 
differences in fuel burning characteristics (as shown by the burning profile). If the burning 
profiles are mismatched it could either result in a fuel burning in a way a furnace is not 
designed for or lead to poor burn interaction if co-fired (i.e. two fuels burning 
independently of each); either way resulting in an unstable flame. 
As discussed in section 2.4.2. lignocellulosic biomass contains higher volatile 
fraction and a much smaller char fraction than those seen in coals, moreover 70% of the 
heat output is associated with volatile combustion for biomass and 36% of the total heat 
output associated with volatile combustion for coal [183]. The nature in which the particle 
ignites can also bring about issues with flame stability. Higher rank low volatile coals can 
undergo a process called heterogeneous ignition, whereby devolatilisation, ignition and 
combustion of the volatiles and char oxidation / combustion occur almost simultaneously 
[188]. Biomass along with high volatile coals undergoes a process called homogeneous 
ignition, which begins with the ignition of the volatiles and oxygen close to the particle 
44 
 
surface. Once ignited a gas flame surrounds the particle and prevents oxygen from 
reaching and igniting the char  [188]. This brings about two phase combustion and firing 
or co-firing lignocellulosic biomass in a pulverised fuel coal plant. When co-firing these 
differences in burning characteristics can bring about challenges in maintaining flame 
velocity and flame stability as the homogeneous ignition of the biomass may prevent the 
heterogeneous ignition of the coal. This may allow the particles to became entrained in 
the gas stream and move higher in the furnace while burning [68].  
There have only been limited investigations within the literature into the co-firing 
of coal with HTC chars, with Liu et al., [189] investigating the co-firing behaviours of 
lignite and two bio-coals produced from hydrothermal treatment at 250 ºC for 20 minutes 
of coconut fibre and eucalyptus leaves, using 25 % and 50 % bio-coal blends. Similar 
ignition temperatures were observed for both 250 ºC fuels and lignite, which would 
suggest that existing combustion furnaces suitable for lignite could accommodate these 
blends directly, or with only minor modifications. DTG plots indicated that there were 
synergistic interactions between bio-coal and lignite, resulting in improved energy 
conversion during co-firing, especially for the coconut fibre-derived bio-coal lignite 
blends. In contrast, co-combustion of unprocessed biomass-coal blends indicated little or 
no overlap in the combustion regions due to different ignition temperatures between coal 
and raw biomass. This difference in the combustion profiles resulted in a lack of 
interaction between the coal and biomass burn, which, in a combustion furnace could 
bring challenges in maintaining flame velocity and flame stability.  
Parshetti et al. [190] investigated the co-firing of hydrothermally carbonised oil 
palm biomass at 150 ºC, 250 ºC and 350 ºC with 20 minute retention times with a low 
rank Indonesian coal using 50 % blends. The combustion behaviour of fuels and their 
blends show that the burning process was improved using 250 ºC derived bio-coal, when 
co-fired with 50 % coal, the 250 ºC derived bio-coal, when co-fired with 50 % coal having 
the lowest amounts of gaseous pollutants (CO2, CO, CH4, NO and SO2). The improved 
combustion performance seen in both Liu et al. [189] and Parshetti et al. [190] could be 
due to the higher volatile matter content of the bio-coals, along with the lower initiation 
temperature, which promote early ignition of the total fuel mass when co-fired; leading 
to better and more complete combustion. This early ignition in turn can also be beneficial 
for nitrogen oxide emissions as it will consume additional oxygen, increasing the fuel 
staging effects of low-NOx burners [68].  
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When comparing bio-coals to coal, bio-coals compare most closely with vitrinite 
group macerals. Vitrinite macerals are typically derived from the humification of woody 
tissues and can possess remnant cell structures or may be structure-less and tend to have 
more oxygen than other macerals for any given coal rank [191]. Bio-coals can also 
compare with liptinites, which have high hydrogen and higher volatile fractions, 
depending on the reaction conditions and feedstock. Vitrinite identification and 
quantification is useful in evaluating coals for combustion and gasification, as the greater 
content of liptinite and vitrinite brings about greater ignition, flame stability and fuel coal 
burnout, greatly increasing the combustion efficiency [192-195]. This would suggest 
favourable combustion for bio-coal if fired or co-fired with coal in PF applications or 
even used as gasification feedstock. Vitrinite identification and quantification in coal is 
also essential to the steel-making industry as vitrinite macerals are the principal reactive 
components of a coking coal. During the heating process in a reducing atmosphere, 
vitrinite becomes plastic, devolatilizes, and then solidifies to form the porous, 
carbonaceous matrix of a metallurgical coke. The reactivity of the liptinite macerals are 
also useful as they are highly reactive but contribute more to the by-products of the coking 
process because of their higher volatile content [191]. This would strongly suggest that 
bio-coals could be well suited to biomass coke production in addition to PF application. 
Alkali loading in blast furnaces has a negative influence on coke reactivity [191] so 
removal by the hydrothermal process would be of benefit. 
2.4.4.2.Influence of particle size on co-firing  
Flame instability can be further exacerbated by differences in particle size, as large 
particle sizes can act as heat sinks, increasing the residence time of the particle before 
ignition and influencing the balance of heat loss and heat release. For a stable flame in a 
pulverised coal operation, pulverisation of fuel to 70% below 75µm is typically required. 
The ease in which fuels can be pulverised to 70% below 75µm is described using the 
Hardgrove Grindability Index (HGI). Coals typically lie between 30 (increased resistance 
to pulverization) and 100 (more easily pulverized) on the scale. The HGI of unprocessed 
Miscanthus, a common herbaceous bio-energy crop given in Bridgeman et al. [196] has 
an HGI of zero. This essentially implies under the test conditions, that no fuel would reach 
the desired 75µm and thus, assuming co-milling, there would be either a greater energy 
requirement for milling to achieve 75µm or the pulverised fuel particles would be greater 
than 75µm in diameter. It is argued by authors that the lower pyrolysis temperature and 
thus devolatilisation temperature of biomass, typically 200 ºC to 250 ºC compared to 350 
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ºC for bituminous coal would to a certain extent offset a larger particle diameter as heat 
loss due to the greater heat sink would be balanced by the earlier heat release. This is in 
part true but will be dependent on biomass moisture content as biomass can have 
considerably higher moisture content compared with coal. Higher moisture content can 
delay particle heating, which in turn can increase the overall combustion time and larger 
particles, on drying and de-volatilization, will became entrained in the gas stream and 
move higher in the furnace while still burning promoting flame instability [39, 68]. The 
lower decomposition temperatures associated with many biomass fuels also bring about 
further challenges as operation of the pulveriser mills when using pulverising biomass 
require lower temperatures compared to coal to avoid fuel decomposition so additional 
milling may not be possible.  
It is widely accepted in the literature that HTC increases grindability of biomass 
[33] because HTC degrades the hemicellulose and cellulose (fibrous material that 
provides strength to the biomass cell walls) at temperatures of 180 °C and 200 °C 
respectively [71]. At present, there appears no literature on the quantifiable gridability of 
the bio-coal using HGI. There is however literature on the torrefaction of biomass with  
Bridgeman et al. [196] investigating the influence of torrefaction at between 230 °C and 
290 °C with holds between 10 and 60 minutes for willow and Miscanthus. Results showed 
that the HGI went from zero for both fuels to between 5 and 38 for willow and 6 and 53 
for Miscanthus, with higher HGI associated with greater reaction severity. Ndibe et al. 
[197] investigated torrefied straw and poplar at between 250 °C and 300 °C, along with 
steam exploded wood and A1 wood pellets. His findings showed that A1 wood pellets 
had an HGI of 15, with torrefied materials between 30 and 43. For reference, a change in 
HGI from 15 to 43 represents a 50% reduction in the energy requirement for milling 
[197].  
Torrefaction works by heating biomass is the absence of oxygen between 200 °C 
and 300 °C to drive off oxygen rich volatiles that have a low calorific value. The loss of 
volatiles is associated with the decomposition of the hemicellulose component which 
binds the cellulose structures in the cell wall enabling an increase in the friability [198].  
HTC, dependent on reaction temperature, is associated with the decomposition of the 
hemicellulose, cellulose and to some extent the lignin, with the char derived from the 
recalcitrant biomass fractions and condensation and repolymerisation of oligomers and 
monomers derived from the biomass. The derived spherical shaped structures and the 
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remaining plant scaffolds around which the char is formed should facilitate a significant 
increase in HGI when compared with torrefaction.  
2.5. Issues associated with inorganics and heteroatoms during combustion 
2.5.1. Inorganic related issues 
Inorganics and heteroatoms are a particular issue for biomass during combustion, 
pyrolysis and gasification as the alkali and alkaline metals, particularly potassium and 
sodium, along with sulphur and chlorine influence ash chemistry and influence the 
behaviours of the fuel in terms of its tendency to corrode equipment and cause slagging, 
fouling and in certain furnaces bed agglomeration [39].  
2.5.1.1.Slagging 
Slagging is a phenomenon brought about though the melting of ash when ash 
deposits are exposed to radiant heat, such as flames in a furnace. As most furnaces are 
designed to remove ash as a powdery residue, having a high ash melting temperature is 
often desirable as if it softens or melts it then fuses into a hard glassy slag, known as a 
clinker; extraction is difficult and the furnace requires cleaning [39]. Chlorine within the 
ash is very corrosive to stainless steel and can also react with silicates and the alkali metals 
to form an undesirably stable and corrosive slag [199]. Bed agglomeration is similar to 
slagging but is an issue specific to fluidised bed furnaces and comes about though the 
formation of potassium silicates within the ash which melt and lead to adhesion of the 
bed material [200]. For slagging and bed agglomeration, the temperature at which the ash 
melts and fuses is strongly influenced by the alkali and alkaline metals, with alkali metals 
acting as a flux for alumina-silicate ash, while the alkaline earth metals tend to increase 
melting temperatures [39].  
2.5.1.2.Fouling 
Fouling is brought about when potassium and sodium, often in combination with 
chlorine, partially evaporate when exposed to radiant heat and form alkali chlorides, 
which condense on cooler surfaces such as heat exchangers. These deposits do not just 
reduce heat exchanger efficiency, they also play a major role in corrosion as these deposits 
react with sulphur in the flue gas to form alkali sulphates releasing chlorine in the process. 
This chlorine has a catalytic effect which results in the active oxidation and corrosion of 
the furnace material [39, 201]. Consequently, to reduce the propensity for an ash to slag 
or foul it is important to minimise the alkali metals, particularly potassium and sodium 
within the ash along with chlorine and other halogens.  
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2.5.1.3.Role of phosphorus in slagging and fouling 
The role of phosphorus within the ash is currently under debate as it has generally 
been observed that phosphorus is a controlling element in the ash transformation reactions 
during biomass combustion due to the high thermal stability of phosphate compounds 
[200]. Phosphate ashes do however contribute to slagging and bed agglomeration once 
the ash becomes molten [200]. This phosphorus is also beneficial from a fouling 
perspective, as potassium chloride present within the ash or char during combustion, can 
bind with calcium rich phosphates, or become potassium phosphates, which then further 
react with calcium oxides. These calcium potassium phosphate complexes are stable and 
removes the potassium available to form low temperature melting potassium silicates 
[200, 202]. Calcium oxide, calcium carbonate and calcium hydroxide would otherwise 
dissolve into potassium silicate melts, bringing about the release of the potassium into the 
gas phase [203, 204].  
2.5.1.4.Prediction of slagging and fouling 
Controlling slagging, fouling and bed agglomeration is currently done through 
careful fuel selection and blending of fuels and additives with known ash chemistry so to 
tailor a fuel with favourable ash chemistry to best minimise their effects. To predict the 
likelihood of fouling during combustion, various slagging and fouling indices have been 
derived based on the chemical composition of the fuels. The equations for alkali index 
(AI), bed agglomeration index (BAI), acid base ratio (R𝑏𝑏𝑎𝑎), slagging (Babcock) index (SI), 
fouling index (FI), and slag viscosity index (SVI) are given as equations 1-6 in Table 3.3 
in Chapter 3, along with the methodology got their use (see Section 3.7.2). While these 
indices have been developed over a number of years to predict the likelihood of slagging 
and fouling, some caution is needed when interpreting these results as they have been 
developed specifically for coal ashes, and biomass ashes are very different and 
consequently will behave differently.  
Differences between coal and biomass indices are particularly prevalent for 
fouling indices, as fouling indices for coal ashes are predominantly based around the 
sodium content of the fuel. This is due to potassium being principally present as a 
consistent of clay minerals within the coal and as such is not considered to be in a form 
readily volatilised in a flame. Consequently the deposition of sodium compounds by a 
volatilisation / condensation mechanism is considered the principle driving force behind 
convective pass fouling in coal boilers [39]. In biomass, potassium tends to be the most 
predominant alkali metal, and as is the case for sodium, generally in a form which is 
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available for release by devolatilisation [205]. Table 3.3 gives slagging and fouling 
indices, which are based on the total alkali content of the fuel and as such are more suited 
to biomass materials [205]. Other approaches for the prediction of fouling and slagging 
propensity are based around the use of phase diagrams for the appropriate alumino-
silicate ash [39].  
In coal science the ash fusion test is often a good indicator of the fuel’s propensity 
to slag and foul with generally high ash melting usually indicative of a low slagging and 
fouling propensity [39]. The ash fusion test results are also one of the most commonly 
quoted parameters in coal grade, during the sale and procurement of steam coal. The ash 
fusion test has been developed to describe the melting behaviour of biomass ash. A test 
piece is prepared from biomass ash and is heated at a constant rate with constant 
observation. The key stage temperatures are subsequently recorded when the test piece 
changes shape, with the key stages as described in the standard method for the 
determination of ash melting behaviour (DD CEN/TS 15370-1:2006) as follows: 
beginning of shrinkage (SST), sample deformation temperature (DT), hemisphere 
temperature (HT) and flow temperature (FT). Figure 3.13 gives images of the various 
transition states.  
As most furnaces are designed to remove ash as a powdery residue and slagging 
is a phenomenon brought about though the melting of ash when ash deposits are exposed 
to radiant heat, having a high ash melting temperature is often desirable. For most power 
station applications, the ‘deformation’ temperature is taken as the safe combustion 
temperature limit, as this is the onset point where ash becomes sticky and issues start 
arising, although sometimes ‘hemisphere’ temperature is reported. Given the temperature 
at which the ash melts and fuses is strongly influenced by the alkali metal content 
(potassium and sodium acting as a flux for aluminium and silicon based ash), a high ash 
melting temperature is usually indicative of a low alkali metal content and thus low 
fouling propensity [39]. This is however a rule of thumb and not necessarily correct in all 
applications.  
2.5.1.5.Role of metals in catalysing combustion 
In addition to the impact on slagging and fouling certain inorganic elements are 
known to have a significant impact on the devolatilisation and char reactivity during 
combustion [206, 207]. There is strong consensus in the literature that the alkali metals, 
potassium and sodium, catalyse char reactivity [160, 207-209]. The alkaline earth metals, 
calcium and magnesium, are understood to catalyse char reactivity but to a lesser extent 
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than the alkali metals [209-211], with iron known to behave using similar mechanisms 
[212]. These metals are known to increase reactivity though metal catalysed oxidation of 
the carbon surface through the intimate bonding of metals with oxygen functionalities 
[160, 207, 209]. Through this mechanism, carbon-carbon bonds are broken at 
temperatures where they would not otherwise be broken. This is due to the oxidisation of 
the bonded metal, followed by donation of the acquired oxygen to the carbon structure 
breaking the stable carbon-carbon bonds at lower temperatures. Silicon has been reported 
to reduce char reactivity by forming inactive alkali silicates and the overall catalytic effect 
of the inorganic matter likely depends on the relative proportions of inorganic elements 
in the char [210].  
As discussed in further detail in Section 2.5.3.2, inorganic elements are extracted 
to different extents during HTC [76, 213] the overall catalytic effect of the inorganic 
matter will almost certainly be different for bio-coals than for untreated biomass [214]. A 
few studies have investigated the impact of HTC on the reactivity of biomass chars. Bach 
and co-workers recently published a series of papers on the effect of HTC pre-treatment 
on the conversion of microalgae [215], wood [216, 217] and wood-derived biomass [218] 
during combustion in air. Lane et al. [214] looked into the reactivity of hydrothermally 
carbonised grape marc, sugar cane bagasse and a freshwater macroalgae. In all cases, the 
conversion of char was shifted toward higher combustion temperatures following HTC, 
potentially indicating lower char reactivity for the bio-coals when compared with the 
untreated biomass feedstocks [214]. Caution is however required as the authors place a 
strong emphasis on the influence of metals catalysing the devolatilisation behaviour; 
citing studies where the physical structure of the biomass has not been changed. This is 
not the case for HTC. HTC is a series of hydrolysis, condensation and polymerisation 
reactions and as such, the compounds, which make up the char, are different to that of the 
starting material. Changes in devolatilisation temperatures can as much be because 
different compounds and structures will be present and different compounds volatilise at 
different temperatures. While metals will play a role, it cannot be said that changes in 
metal concentration is catalysing the devolatilisation behaviour without discounting 
changes in volatile chemistry.  
2.5.2. Heteroatom related issues 
Heteroatoms during combustion are predominantly responsible for a range of 
airborne emissions during combustion, although as shown in the earlier section chlorine, 




Nitrogen within the fuel largely ends up being released as N2, nitrogen oxides and 
to a lesser extent nitrous oxide during complete combustion [39]. Nitrogen oxides are 
formed two ways during combustion, with nitrogen originating from fuel nitrogen and 
nitrogen in the air, with the latter referred to as thermal nitrogen oxides [39]. Thermal 
nitrogen is a plant operating consideration and is usually controlled though fuel staging 
effects using low-nitrogen oxide(s) burners. In this process, initial combustion occurs in 
a zone where the air to fuel ratio is above stoichiometry, consuming additional oxygen 
and reducing nitrogen oxides back to gaseous nitrogen [68]. As thermal nitrogen is not 
necessarily a fuel consideration, this section will focus purely on fuel-derived nitrogen.  
Nitrogen oxides are formed in both the gas phase and char combustion phases and 
the main emission is nitric oxide (NO) (>90 %) which is later converted to nitrogen 
dioxide (NO2) in the atmosphere. Initial nitrogen evolution from the fuel occurs in the 
pyrolysis phase of combustion where nitrogen is volatilised as ammonia (NH3) and 
hydrogen cyanide (HCN) which is then converted to NO though different reaction routes. 
By operating the fuel mixture rich in the near-burner zone is it however possible to 
subsequently react the NO with NH3 and HCN to produce N2, to reduce NO and NO2 
emissions from volatile-N [219-221]. Rapid release of the nitrogen during the volatile 
burn can promote nitrogen evolution within a fuel-rich environment. In contrast to an 
oxygen-rich environment, this promotes the formation of diatomic nitrogen (N2) instead 
of NOx molecules such as NO, NO2, etc. To achieve this however, understanding of the 
kinetics of fuel pyrolysis and combustion is essential [68]. Nitrous oxide (N2O) emission 
during complete combustion is thought to be less important in pulverised fuel combustion 
[39].  
2.5.2.2.Sulphur 
Sulphur oxides are a result of complete oxidation of fuel sulphur. Emissions are 
largely in the form of sulphur dioxide (SO2) (>95 %), with sulphur trioxide (SO3) 
occasionally formed at low temperatures [39]. During combustion, fuel sulphur is not 
completely converted to gaseous sulphur oxides with between 57-65 % released into the 
gas phase and the remaining fraction remaining in the ashes, interacting with inorganics 
as described in the earlier sections [222]. Sulphur dioxide within the flue gas plays an 
important role in corrosion and active oxidation of fouling deposits on heat exchangers, 
reacting with potassium and sodium chloride deposits within ash deposit layers, forming 
potassium and sodium sulphates, which liberate chlorine in the process. This chlorine 
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goes on to react with iron forming iron chloride which is then oxidises and forms a layer 
of iron oxide between the ash deposit and the heat exchanger, as shown in Figure 2.13 
[201].  
Fuel sulphur content however plays an important role in reducing suspended 
particle matter from thermal power stations, so its presence within the flue gas is not 
necessarily adverse. Combustion of solid fuel results in the formation of ash, of which a 
portion becomes entrained within the gas flow, known as fly ash, and contributes to an 
increase in suspended particulate matter within the surrounding environment. Particulate 
matter is known to exert an impact on human health [223] and in larger furnaces 
abatement of particulate matter is requires to avoid emission to the environment, the use 
of electrostatic pacificators (ESP) being a typical abatement technology [224]. 
Electrostatic precipitation is a technique that employs the application of an electric field 
to separate out the suspended particles from the flue gas [224]. With the adoption of low 
sulphur fuels, be it biomass or low sulphur coal, it has been noted that the electrical 
resistivity of the fly ash generally increases as the ratio of sulphur-to-ash content in the 
coal decreases, which potentially results in a low collection efficiency of ESP [225].  
The role sulphur plays in ESP is due to sulphur trioxide within the flue gas 
combining with moisture vapour as the flue gas cools below 315 °C to form sulphuric 
acid in the flue gas vapour. The sulphuric acid within the flue gas vapour is absorbed onto 
the fly ash particles [226] which effects the surface electrical conductivity of the fly 
ash/dust and increases the fly ash/dust cohesion to reduce losses during dislodgement and 
fly ash collection (rapping) [224]. When combusting fuel sulphur emissions are largely 
in the form of sulphur dioxide however when a fuel with high sulphur content is 
combusted, there is generally enough sulphur trioxide formed to bring the electrical 
resistivity of the fly ash into a range which results in good precipitator operation [225]. 
When burning a fuel with a low sulphur content, flue gas conditioning is requires which 
involves injection of chemical additives (for example sulphur trioxide, sulphuric acid, 
ammonium sulphate, ammonium bisulphate, sulphamic acid and ammonia) into the flue 
gas to alter the physico-electrical properties of the fly ash, to increase ESP efficiency 
[224]. Consequently, sulphur is typically required when operating a furnace with ESP, 
albeit either within the fuel or added in flue gas conditioning. Many modern power plants 
use flue gas desulphurisation (FDG), a set of technologies used to remove sulphur oxides 
from exhaust flue gases, post ESP with a view to reducing sulphur emissions to the 




Chlorine is an essential micronutrient for higher plants and is used as a major 
solute in maintaining the plants turgor, controlling osmoregulation, regulation of pH 
gradients, electrical excitability and membrane potential  [228]. Chlorine exists within 
biomass in the form of water soluble ionic salts (NaCl, KCl, CaCl2, MgCl2 and ionic 
chloride (Cl-)) [37, 38] with the ionic salts often making up a large proportion of the total 
inorganics within the starting biomass. Chlorine becomes an issue during combustion as 
it is very corrosive to stainless steel, a common material in power plants [201]. During 
combustion, chlorine within the fuel is partially released as hydrogen chloride (HCl), 
volatilised potassium or sodium chloride, or remains within in the ash. Chlorine within 
the ash will go onto react with silicates and the alkali metals within the ash and if slagging 
is encountered will to form an actively corrosive and undesirably stable slag [199].  
When volatilised as sodium or potassium chloride, these alkali chlorides go on to 
condense on the heat exchanger surfaces (fouling). While these deposits bring about 
reductions in heat exchanger efficiency, they also play a major role in corrosion as these 
deposits react with sulphur in the flue gas to form alkali sulphates releasing chlorine in 
the process. This chlorine has a catalytic effect, which results in the active oxidation and 
corrosion of the furnace material as shown in Figure 2.13 [39, 201]. Chlorine volatilised 
as hydrogen chloride is often not problematic in terms of corrosion as it is transported out 
of the furnace in the flue gas. It can however undergo further reactions and can be emitted 
as dioxins and other organic chlorine compounds, polychlorinated dioxins and furans 
which are a group of highly toxic components which can be created by this process [39]. 
Corrosion can be a particular problem when combusting Miscanthus, grass and straw 






Figure 2.13: Active oxidation corrosion mechanisms as a consequence of ash fouling 
deposits on iron surfaces [201] 
2.5.2.4.Oxygen 
Oxygen is arguably the most important heteroatom in fuel science, yet it does 
appear largely overlooked in the literature, with few specifically measuring for it. It’s 
most notable impact is its adverse impact on energy content, reducing HHV, as 
demonstrated by Dulongs Equation (see Equation 2.1), yet is it also associated with many 
of the handling issues associated with biomass. Oxygen is present in both biomass and 
coal but in coal oxygen often forms the stable bridges between cyclic aromatic carbon 
rings, which makes up the coal’s polymeric matrix, as shown in Figure 2.3 [64, 70]. The 
structure of lignocellulosic biomass on the other hand largely consists of sugar monomers 
linked by oxygen ether bonds, with a series of alcohol functional groups (OH), along with 
carboxyl and carbonyl functional groups, as shown in Figure 2.1 [52-54]. It is this 
structure that gives lignocellulosic biomass a higher oxygen content, and in part its lower 
energy density. In addition to reduced energy density, the alcohol functional groups 
influence the polarity of the biomass giving it its hydrophilic properties [229]. The 
hydrophilic nature of biomass means, for energetic applications, biomass must usually be 
stored in silos to avoid wetting and decomposition [181]. Wetting can also adversely 
affect calorific value due to the latent heat requirements for evaporating water within the 
fuel and associated issues with flame stability [39]. 
The highly oxygenated structure of biomass can also bring about fire and 
explosion hazards when storing and handling. When finally milled or as a dust, oxygen 
within the biomass is readily released during devolatilisation and gives biofuels both a 
low lean flammability limit along with a high reactivity increasing its explosion risk [230, 
231]. Moreover, the oxygenated nature of biomass means the upper flammability limit 
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can often be well above stoichiometric, this combined with the low mean flammability 
gives biomass a large flammability range, not seen for flammable gases such as methane 
[230]. The oxygen within the biomass structure can also influence metal catalysed 
reactivity as it is known surface oxygen functional groups can bind to cations such as 
sodium, potassium, magnesium, calcium [232]. These bonded metals go on to oxidise and 
then donate their oxygen to neighbouring carbon-carbon bonds, breaking carbon-carbon 
bonds at temperatures where they would not otherwise be broken [160, 207, 209]. The 
binding of cations to these surface oxygen functional groups can also effect a fuel’s 
propensity to foul, as it has been shown by Baxter and co-workers that during the 
devolatilisation stage, functional groups containing oxygen, can transport associated 
cations, assisting the volatilisation of both volatile and non-volatile metals [232]. 
 While oxygen in biomass appears to largely be detrimental to the fuel, it should 
however be noted that organically bound oxygen appears to play a key role in gasification 
and coking, HTC and coal formation. During HTC, it is through the reactive oxygen 
functionalities on the derived aromatic structures that the structures superficially link 
though chemisorption before dehydrating to form stable oxygen groups, ether or pyrone, 
within the char formation [85, 86]. These same ether and pyrone bonds are present in the 
coal formation, presented in Figure 2.3. The stable oxygen groups in coal also play an 
important role in the efficiency of gasification, with the more oxygenated vitrinite fraction 
increasing the reactivity and fuel conversion [191-195]. Oxygen content may also be 
linked to grindability, with a very close correlation between vitrinite content and coal 
HGI [233]. 
2.5.3. Mitigation of issues associated with inorganics and heteroatoms during 
combustion 
While control of the aforementioned issues has up-until recently been controlled 
though the careful selection and blending of fuels, increasing demand for biomass 
resources mean that selection of low ash, low chlorine fuels will become less of an option 
and higher ash, higher chlorine biomass will have to be exploited in bioenergy. One 
promising solution has been washing biomass, where by biomass is leached with water 
and acids in order to extract nutrients as a way to reduce the ash deposition and airborne 
emissions before combustion, gasification or further pre-treatment such as torrefaction 
[41-43]. This technology is particularly well suited to high chlorine fuels such as 
Miscanthus, grasses and straw [39, 41] and a review of biomass washing is available in 
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Gudka et al. [42]. Other mitigative measures includes the use of fuel additives, and, as 
hypothesised in this work HTC.  
2.5.3.1.Utilisation of additives 
Utilisation of additives to abate problems associated with alkali metals and 
chlorine have also been developed and now being utilised in biomass combustion [234, 
235]. Various additives can mitigate ash related issues by the following possible 
mechanisms: i) capturing problematic ash species via chemical adsorption/ reactions with 
additives so that low melting temperature elements in biomass fuels can be converted into 
high temperature melting substances [236-240]; and ii) increasing the biomass ash 
melting temperature and reducing sintering by enhancing inert elements/compounds in 
ash residues via addition of additives [234]. Additives are typically grouped into four 
groups: (i) aluminium-silicate based additives, (ii) sulphur based additives, (iii) calcium 
based additives, and (iv) phosphorus based additives. These additives are typically 
introduced into the biomass combustion systems by blending it directly with the fuel; 
either through pelletizing the fuel together with additives or mixing the additives with the 
fuel while on transport conveyors. Alternatively they are fed into the combustor as a 
powder or solutions via a separate installed spraying system [234]. 
Aluminium silicate based additives work predominantly by reacting the 
aluminium silicate additive with potassium chloride within the fuel forming potassium 
aluminium silicates, as shown in Equation 2.3. A common commercial aluminium 
silicates additive is kaolin, which when reacted with gaseous potassium chloride forms 
Kalsilite (KAlSiO4) and leucite (KAlSi2O6) and have melting temperatures of about 
1600 °C and 1500 °C, respectively [241, 242]. Other aluminium silicates include zeolites, 
emathlite and bentonite and work using a similar mechanism, albeit forming more 
complex potassium aluminium silicates [243]. In addition, silicon dioxide and aluminium 
oxide also react with potassium chloride at high enough temperature (see Equation 2.4 
and Equation 2.5 respectively), but with lower efficiency and capacity compared to 
commercial additives such as kaolin [243-245].  
Coal fly ash is also being used as an aluminosilicate-based additive (AlxSiyOz) in 
biomass power plants such as Drax (Selby, United Kingdom), which operates three 
biomass and three coal boilers giving it abundant availability for the power plant. Results 
presented in Clery et al. [235] support the case for potassium being retained within the 
ash due to the use of the fly ash additive, albeit the experiences of Drax Power would 
suggest fly ash addition is predominantly restraining biomass ash sintering by diluting the 
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potassium within the ash (personal communication). There is also increasing interest in 
the potential for sewage sludge as it contains different aluminium silicates, silica and 
alumina, which showed ability to increase biomass ashes sintering temperatures and 
reduce fouling deposition in different studies. Therefore, sewage sludge is classified as 
an aluminum silicate based additive [237, 240, 246-249]. 
Al2O3.xSiO2 + 2 KCl + H2O → K2O.Al2O3.xSiO2 + 2 HCl(g) (2.3) 
Al2O3 + 2 KCl + H2O → 2 KAlO2 + HCl(g)  (2.4) 
SiO2 + 2 KCl + H2O → K2O.SiO2 + 2 HCl(g)  (2.5) 
Sulphur based additives convert potassium chloride into potassium sulphate, with 
the reactions given in Equation 2.6 to 2.10 [250-253]. The primary purpose is sulphation 
of the potassium chloride so that the chlorine will be released as hydrogen chloride and 
flows away with flue gas, as opposed to forming potassium chloride deposits on heat 
exchangers [250, 253]. Hydrogen chloride is seen as less problematic than potassium 
chloride as reductions in the amount of potassium chloride will considerably reduce the 
amounts of chlorine in the fouling deposits. The implications are discussed in section 
2.5.2 and Figure 2.13 [236]. The potassium sulphate generated through sulphur addition 
also has a slightly higher melting temperature, about 840 °C, compared to the potassium 
chloride which makes potassium sulphate less problematic in terms of deposition [250, 
253]. Typically sulphur based additives are added in the form of a solution, since water 
soluble sulphates may decompose in a wide temperature range [253].  
2 SO2(g) + O2(g) → 2 SO3 (g)  (2.6) 
(NH4)2SO4(l) → 2 NH3(g) + SO3 (g) + H2O(g)  (2.7) 
Fe2(SO4)3(l) → 3 SO3 (g) + Fe2O3  (2.8) 
Al2(SO4)3(l) → 3 SO3 (g) + Al2O3 (2.9) 
SO3 (g) + 2 KCl(g) + H2O(g) → 2 HCl (g) + K2O4 (2.10) 
Calcium based additives often take the form of lime, limestone and marble sludge. 
As discussed in section 2.5.1 increasing calcium content within the ash will increase ash 
melting temperature and will restrain ash melting, ash sintering and slagging in bottom 
ash. This mechanism works as calcium, an alkali earth metal can dissolve into potassium 
silicate melts (as ionic calcium (Ca2+)) (see Equation 2.11) [203, 204]. The resulting 
potassium calcium silicates have higher melting temperatures than potassium silicates. 
This reaction could however result in the release of potassium into the gas phase (see 
Equation 2.12) which can bring about the issues of fouling and corrosion as previously 
discussed [203, 204]. Calcium additives are however more active in combustion of 
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biomass fuels that are rich in phosphorus and potassium [202, 242, 254]. This is due to 
potassium chloride present within the ash or char, can either binding with calcium rich 
phosphates (see Equation 2.13), or become potassium phosphates (see Equation 2.14) 
which then further react with calcium oxides (see Equation 2.15). These calcium 
potassium phosphate complexes are stable and removes the potassium available to form 
low temperature melting potassium silicates [200, 202]. Consequently calcium based 
additives appear best suited to fuels rich in phosphorus and potassium. 
K2O.SiO2 + 2 CaCO3 → 2 CaO.K2O.SiO2 + 2 CO2(g) (2.11) 
K2O.SiO2 + 2 CaCO3 + ½ O2→ Ca2SiO4 + K2CO3  (2.12) 
KCl(g) + 2 CaHPO4.2H2O → 2 CaKPO4 +2 H2O + HCl(g) (2.13) 
4 KCl(g) + 2 CaHPO4.2H2O + O2 → 2 K2PO4 + 5 H2O + 2 CaCl2 (2.14) 
K2PO4 + 2CaO → 2 CaKPO4 + O2 (2.15) 
For biomass fuels containing high contents of potassium, silicon and a certain 
amount of calcium, phosphorus rich additives have been suggested. Grimm et al. [200] 
tested phosphoric acid as an additive to reduce ash sintering and bed agglomeration in a 
fluidized bed reactors. The investigation concluded that with more phosphorus in the ash 
residues potassium may react with the phosphorus forming potassium rich phosphates 
that may further react with calcium oxide. Addition of calcium phosphate would allow 
the conversion of potassium chloride into more stable calcium rich phosphates as shown 
in Equation 2.13. In both these mechanisms the potassium available to form low melting 
temperature silicates is reduced, which is observed as a reduction of low temperature 
melting potassium silicates [200, 202]. 
2.5.3.2.Utilisation of HTC 
Demineralization of the fuel through dissolution of these alkali salts into the 
process water during HTC could potentially remove a large fraction of the fuel mineral 
content thereby reducing the above mentioned ash problems. Likewise, it is possible that 
through HTC less soluble but unwanted compounds and elements maybe modified in such 
a way to reduce or remove their role in the for-mentioned processes. This would result in 
a fuel that is not only (i) more energy dense, (ii) easily friable and (iii) more hydrophobic 
than the starting material but also one with lower inclination to slag and foul through the 
removal of alkali metals and chlorine.  
Previous work by Saddawi et al. [43] has demonstrated that simple washing of 
biomass in distilled water (at room temperature and pressure) can remove simple ionic 
salts such as alkali earth chlorides which dissolve easily. Washing in solutions such as 
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ammonium acetate can further increase recovery, recovering inorganic elements that are 
bound to the organic structures of the biomass with ionic bonds, though ion exchange. 
Finally washing in a hydrochloric acid solution dissolves alkali earth carbonates, 
sulphates and sulphides. Consecutive leaching using these three methods can 
subsequently remove the ionic bonded inorganics from the biomass structure, leaving 
only silicates and elements bound to the organic matrix with covalent bonds [43]. During 
HTC the subcritical water used has a lower density and viscosity than that of water under 
normal conditions [255] and as such removal of simple ionic salts within the biomass 
matrix can be enhanced. The increased dielectric content [256], increased ionic 
dissociation constant [257] and lower pH [11] of the subcritical water could also aid the 
removal of ionic bonded inorganics though ion exchange and dissolve the inorganic salts, 
thus removing ionic bonded inorganics from the biomass structure. The modification of 
the biomass structure during HTC will also further aid the removal of the inorganic 
elements.  
Reza et al. [76] investigated the fate of inorganics during HTC for Miscanthus, 
corn stover, switch grass and rice hull. The results have shown reductions in the amount 
of calcium, sulphur, phosphorus, magnesium and potassium in the original biomass when 
the biomass is processed under hydrothermal conditions at 200° C, 230° C and 260° C. 
Removal of silicon appears limited at 200° C and 230° C although there was some 
indication that silicon content starts to decrease when the lignin starts to degrade at 260° 
C. It should be noted that despite a decrease in the inorganic content relative to the starting 
biomass, the overall concentration of inorganics within the char can increase. More recent 
studies in Benavente et al. [45] looked into the HTC of olive mill waste, artichoke waste 
and orange juice wastes and observed reductions in ash content between the feedstock 
and chars, with x-ray florescence (XRF) analysis showing slight reductions in K2O 
content of the char, and significant reductions in silicon dioxide (SiO2), MgO, CaO and 
Cl. Both studies compared the results with slagging and fouling indices but no further 
investigation of the ash properties was carried out. Analysis of process waters by Broch 
et al. [173] also confirmed the extraction of alkaline metals from herbaceous and woody 
biomass. Consequently based on the results given in Reza et al. [76], Broch et al.  [173] 
and Benavente et al. [45] it looks like modification of the ash chemistry is possible via 
HTC, with optimisation possible though varying the HTC parameters.  
When starting this study there was limited information beyond these three studies 
and the impacts in terms of slagging and fouling propensity was limited to slagging and 
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fouling indices presented in Reza et al. [76]. Data presented in Chapter 4 was presented 
in Smith et al. [213] was the first to demonstrate a tangible benefit in terms of slagging 
and fouling and since undertaking this study these results have been validated in 
additional studies [258-260]. The work presented in Smith et al. [213] demonstrated that 
at higher temperatures calcium and phosphorus are retained within the bio-coal, giving 
an additive effect similar to that described for calcium and phosphorus additive described 
earlier in this section. This has also been investigated and supported in Mäkelä and 
Yoshikawa [261]. Other authors looking into HTC have demonstrated either alkali metal 
or ash reductions [108, 169, 214, 262, 263] however they have largely drawn the 
conclusion that slagging, fouling and corrosion will be reduced based on the reduction of 
alkali metals as opposed to use of empirical methods (slagging index etc) and retention/ 
reduction of other influencing metals. 
HTC should also reduce the chlorine within the fuel. Chlorine exists within 
biomass in the form of water soluble ionic salts (NaCl, KCl, CaCl2, MgCl2 and ionic 
chloride (Cl-)) [37, 38] with the ionic salts making up a large proportion of the total 
inorganics extracted under HTC. The extraction of these chloride based salts will result 
in the extracted chlorine appearing as chloride in the process waters. Biomass washing 
experiments have shown that between 85 % and 100 % of total chlorine within the 
biomass is extracted though washing [43, 205, 264]. Simultaneous denitrogenation of the 
fuel may also be possible under the right conditions [131]. Within the hydrothermal 
literature chlorine measurement appears limited to date with published data largely 
limited to the published work presented in Chapter 5 [259] and [260]. Most authors make 
the assumption that given chlorine exists within biomass in the form of water soluble 
ionic salts most chlorine within the biomass is extracted, as demonstrated in washing 
experiments, during HTC.  
Liu et al. [265] has also proposed that HTC reduces the fouling risk due to a 
combination of decreased oxygen and volatile matter content of the bio-coal. This is 
because in addition to evaporation mechanisms discussed above, organic transport 
mechanisms also appear important in understanding a fuels propensity to foul. Baxter and 
co-workers demonstrated that volatile matter is importance in transport and volatilisation 
of both volatile and non-volatile metals during combustion and thus effects a fuel’s 
propensity to foul. During the devolatilisation stage, functional groups containing 
oxygen, can transport associated cations, assisting the volatilisation of both volatile and 
non-volatile metals [232]. While the reduction in oxygen and volatile carbon is true, the 
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assumption that this then reduced the fouling propensity of the bio-coal may not be correct 
This is because this mechanism does not take into account the re-uptake of metals from 
the process water onto the surface of the bio-coal. 
It is known that surface oxygen functional groups can bind to cations such as 
sodium, potassium, magnesium, calcium, which can then be released upon thermal 
treatment [232] and as discussed in Section 2.3.2 reactive oxygen functionalities are 
present on the char surface, which will provide binding sites for more aromatic structures 
[85]. Binding of alkali metals to the surface of the chars during HTC treatment may result 
in rapid volatilisation of these bound metals, which may still lead to fouling issues. The 
contribution of this effect requires further investigation but a reduction in O/C would limit 
reabsorption of metals and reduce this potential mechanism. Moreover release of volatile 
metals, such as potassium, is complicated and the release also depends upon the content 
of chlorine and silica in the fuels rather than on the potassium content alone [266]. 
Consequently, caution is required when predicting fouling propensity as the hydrothermal 
process could lead to a greater fouling propensity than would otherwise be expected, due 
to an increase in the proportion of cations associated with surface functional groups.  
To fully understand the fouling risk posed, it is important to understand the 
availability of potassium and when working with bio-coals this appears largely unknown. 
As previously stated fouling in coal combustion is predominantly associated with the 
sodium within the fuel as the potassium is principally present within clay minerals in the 
coal and typically not volatilised in the flame [39]. In biomass, potassium is mostly 
present as free K+ ions in solution within the xylem cells generally in a form which is 
available for release by devolatilisation and evaporation [205]. While the removal of 
potassium has been documented, there is at present no information on the partitioning of 
potassium during HTC. It is thus unclear whether potassium is still in ionic form, formed 
carbonates or has reacted with other inorganic elements present in the fuel to form 
minerals such as K2CaSiO4 and KAlSi3O8 during HTC. Chemical fractionating 
techniques are one method of predicting the release on inorganics into the vapour phase. 
The method was initially developed for use in coal and involves a standardised leaching 
process using progressive and more severe chemical reagents, for example water, then 
ammonium acetate and then hydrochloric acid. It is generally considered that water and 
acetate leachable elements are those that are more readily released into the vapour phase, 
while the remaining acid soluble and residual elements considered to remain within the 
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ash [39, 205, 267]. To the best of the author’s knowledge, such analysis has not been 
undertaken for bio-coals.  
2.6. Production of higher value chemicals and enhanced energy recovery by HTC 
In addition to the bio-coal, HTC produces an aqueous co-product, which contains 
about 10 to 15 % of the original organic matter in the form of sugars and organic acids 
for the HTC of herbaceous and woody biomass [268]. These process waters also contain 
alkaline metals extracted by the HTC process [173]. The process water composition 
appears to vary with feedstock and reaction temperature, with lower temperature HTC 
being high in sugars but organic acids dominating above 235 °C. Of the sugars present 5-
hydroxy-methyl furfural (5-HMF) appears in significant quantities (up to 5 % original 
mass) in the HTC of pine, juniper, spruce, fir and sugarcane bagasse. Furfural appears in 
significant quantities (up to 4 % original mass) in woody materials, sugarcane bagasse, 
corn stover and rice hulls; and galactose, xylose and mannose are also present in pine and 
fir at 200 °C or below [268]. For the organic acids, at higher temperatures concentrations 
of acetic acid are around 8 % for many of the herbaceous and woody feedstock, with 
lactic acid the next most common acid, followed by formic acid succinic acid and glutaric 
acid [268].  
Recently there has been growing interest in the potential utilisation for the process waters 
as their utilisation may offer yet more technical or economic advantages over 
conventional biomass processes. Recycling of these acids back into the HTC process has 
been suggested as organic acids have been shown to catalyse the reaction and can improve 
the yields at little or no cost [44]. Recycling the whole process water back into the reaction 
has been demonstrated in Stemann et al. [113], Weiner et al. [269], Uddin et al. [114] and 
Kambo et al. [115] and may even be one of the most efficient means of heat recovery 
[116]. Results presented in these studies have predominantly looked at the impact on yield 
and energy density of the resulting fuel. The studies overlooked the impact the alkaline 
metals, chlorides, sulphates and nitrogen based compounds initially extracted by the HTC 
process will have on the fuel’s inorganic chemistry and the potential implications 
discussed in sections 2.5.1 and 2.5.2. Moreover as discussed in section 2.3.10 acids and 
salts can act as both catalysts and reagents in the process which will alter the process 
chemistry and the resulting product and detailed analysis of this is currently absent. 
Recycling would have the advantage of removing the need to treat waste process water 
although the issues associated with accumulation of extracted inorganics and heteroatoms 
would need to be addressed.  
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Alternative suggestions have been to recover and purify the organic acids, sugars 
and 5-HMF [115], although the feasibility of doing this has yet to be demonstrated. Some 
caution is however needed, as recovery of sugars, 5-HMF and other furfural compounds 
is likely to have a significant impact on fuel quality. As discussed in section 2.3.2 it is the 
generation of oligosaccharides, monosaccharides and aldehydes derived from the 
hydrolysis of hemicellulose, cellulose and starch which then undergo dehydration and 
fragmentation processes giving rise to different soluble products, such as furfural-like 
compounds and HMF related compounds, 1,2,4-benzenetrol, acids and aldehydes. It is 
these decomposition products which then undergo polymerization and condensation 
leading to the formation of the soluble polymers which then repolymerise and condense 
to form the hemicellulose, cellulose and starch derived component of the bio-coal [85, 
86]. By removing these products it is likely to have an adverse influence on the char 
formation which will lower fuel yield and fuel quality. Consequently while HTC does 
produce many ‘high value’ products, these same ‘high value’ products are the same 
products which go on to repolymerise and form the char. The idea of producing both 
appears less likely as the processes appear diametrically opposed and to obtain the sugars, 
5-HMF and other furfural compounds it appears likely one would have to inhibit 
repolymerisation.  
Removal of organic acids may be more feasible as unreacted 5-HMF and furfural-
like compounds appear to decompose to products such as levulinic acid [128, 270]. While 
these acids go on to generate hydronium ions which go on to catalyse the further 
degradation of the oligosaccharides generated from the hydrolysis of the hemicellulose 
and cellulose to monosaccharides [84], they appear to play little further role in char 
formation and their extraction may not have too adverse impacts on char formation.  
In Lynam et al. [44] it was suggested that extraction of specific compounds 
followed by recirculation of the remaining product could be possible and this point made 
again in Kambo et al. [115]. These papers however make the assumption that the products 
will remain the same when recycling which would not be the case, for example organic 
acids which have been shown to catalyse the reaction, so the products will be different to 
the products of the first cycle. Moreover accumulation of acids and salts within the 
process water have been shown to favour formation of low molecular weight compounds 
[128, 142] and even the production of hydrogen gas [128]. With the production of 
hydrogen gas and smaller acids such as formic acids it may be possible that the organic 
acid chemistry may change with the formation of products such as valeric acid; valeric 
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acid being a product of the hydrogenation of the levulinic acid, by either hydrogen or 
formic acid [271]. While this is not an argument against the extraction specific 
compounds followed by recirculation of the remaining product, caution is required as the 
impacts of doing this appears unknown.  
The other main area receiving a lot of interest of late is the anaerobic digestion or 
fermentation of the aqueous co-product as a potential route to optimise energy recovery, 
with the bulk of the literature focusing on the production of methane. Anaerobic digestion 
(AD) of the organic compounds within the aqueous phase resulting from HTC has been 
suggested in various reports as a potential route to optimise energy recovery. The 
degradation of complex organic matter during the HTC process to organic acids, 
particularly formic acid and acetic acid, should enable relatively fast degradation, 
providing the absence of inhibition [272]. When first undertaking this research literature 
with relation to integration of HTC and AD was predominantly but not exclusively limited 
to Wood et al. [273], Wirth and Mumme [272] and Danso-Boateng et al. [274]; based on 
this information the biological methane production (BMP) tests were developed and 
utilised in Smith and Ross [259].  
Wood et al. [273] undertook BMP tests on process waters derived from the HTC 
of corn silage derived at 220 °C and 240 °C and compared it to the digestibility of thin 
stillage (the aqueous product derived from the fermentation of corn silage). The 
investigation looked at using chemical oxygen demand (COD) and compared actual 
methane yields to the yields predicted by COD. COD essentially expresses the amount of 
oxygen required to oxidise organic carbon to carbon dioxide and due to stoichiometry is 
directly proportional to the potential for methane production. Results generally showed 
that 83% of the initial COD was converted into methane; compared with 91 % for thin 
stillage, indicating good digestibility. Wirth and Mumme, [272] has demonstrated AD of 
process waters from the HTC of corn silage, comparing their results to the process waters 
Total Organic Carbon (TOC) demonstrating BMP in the region of 0.5-1 L methane per 
gram of TOC. Danso-Boateng et al. [274] looked into the HTC of sewage sludge with 
integration of AD to optimise energy recovery. In this paper, BMP can also be calculated 
by using the Buswell equation, given in Equation 2.16, with methane yields based off the 
elemental content of the process waters.  




Subsequent to the data published in Smith and Ross [259]; Wirth et al. [275] 
investigated the use of process liquor from HTC of sewage sludge (200 °C with a holding 
time of six hours) as sole substrate for AD in both mesophilic (37 °C) and thermophilic 
(55 °C) digesters operated for 20 weeks. During operation, the organic loading rate was 
stepwise increased from 1 to 5 grams COD L−1 d−1 and the hydraulic retention time 
decreased from 34 to 5 days. Significant differences in methane production were not 
observed as both reactors yielded up to 0.18 litres CH4 grams COD−1. Increased 
temperature had no effect on yield with both reactors yielding 68–75% of predicted yield 
based on COD. Methanogenesis was identified as the speed-limiting step in anaerobic 
digestion of HTC liquor. Nyktari et al. [276] went on to experimentally validate the 
integration of HTC and AD of sewage sludge presented in Danso-Boateng et al. [274], 
demonstrating a 92 % reduction in COD in the AD fermentation of process waters 
generated at 240 °C. The hydraulic retention times of the liquid was however either 21 
hours or 42 hours, which does however rise the question of whether methane is being 
produced. Given the work presented in Wirth et al. [275] found that methanogenesis was 
the speed-limiting step in anaerobic digestion of HTC liquor, this result is surprising.  
In AD one of the first stages is hydrolysis or acidogenesis as it is sometimes 
described, whereby the organic matter is broken down to acids such as butyric acid or 
acetic acid and in the process hydrogen is evolved. Methane production (methanogenesis) 
is a delayed second stage of a two stage process [277-280], with inhibition of the second 
stage possible though volatile fatty acid production by acidogenesis or organic acids 
derived from heat treatment [280]. Given that hydrolysis / acidogenesis was of an order 
of magnitude faster than methanogenesis in Wirth et al. [275], it appears plausible that 
the gas production was hydrogen in the case of Nyktari et al. [276].  
Aragón-Briceño et al. [281] investigated the BMP of the aqueous product from 
the HTC of sewage sludge AD digestate, which has high organic matter content despite 
initial conversion into biogas. Three different temperatures were evaluated: 160 °C, 220 
°C and 250 °C all using 30 min reaction time. The hydrothermal treatments improved the 
characteristics of the sewage digestate producing bio-coals and process waters rich in 
organic matter and nutrients. AD was demonstrated to be a suitable option to treat process 
waters from hydrothermal treatments for further biomethane production. Processing of 
digestate at 250 °C resulted in a bio-coal that enhanced the net production of volatile fatty 
acids but on the BMP tests limited methane production was observed until 14 days and 
methane was still be produced when the experiment ended at 21 days, consequently 
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higher methane production would be expected. Theoretical methane yields were also 
compared with experimental data from BMP tests and it was found that the Boyle’s 
equation had closer agreement to BMP values.  
Nuchdang et al. [282] also looked into the HTC of AD digestate, in this case 
digestate from microalgae treated at 200 °C with no retention time. In this instance, the 
aim of the treatment was not to produce a fuel but to treat the digestate and then re-digest 
it to enhance methane yield and while reducing the remaining solid mass (char). Their 
logic was if you assume 50 % of the algal biomass without pre-treatment digests to 
produce methane you would get 250 Nm3 CH4/ dry ton, with 0.5 dry ton of digestate. 
Applying hydrothermal treatment to that digestate and recycling the hydrothermal 
product to the primary AD would produce another 100 Nm3, i.e. an overall methane yield 
improved by 40%, based on the results presented and hand halving the digestate mass 
(now bio-coal) requiring disposal. 
Villamil et al. [283] investigated the mesophilic anaerobic digestion of the liquid 
fraction from hydrothermal carbonisation (208°C for 1 h) of dehydrated sewage sludge. 
In the investigation the process water was found to have a high COD of 96 g L-1 and along 
with high total nitrogen of 8.7 g N L-1 (Total Kjeldahl Nitrogen). Yields of 180 mL CH4 
STP g-1 COD was obtained, however high levels of inoculum compared to process water 
were required (>1:1) as low (≤ 0.5:1) were found to negatively affect the methane yields 
due to inhibition of methanogensis due to the high ammonia nitrogen and high volatile 
fatty acid release. It was also found that high levels of COD (>25 g COD L-1) also brought 
about inhibition. Until Villamil et al. [283] few authors have touched upon the potential 
issues with inhibition.  
Inhibition has been known to be an issue with the mildly alkaline conditions, 
presence of alkali cations, heavy meals and the presence of ammonia potentially 
inhibiting methanogenic bacteria [284, 285]. There are also a number of organic 
compounds which have been reported to be toxic to the anaerobic processes include long 
chain fatty acids (LCFAs), phenol and alkyl phenols, and alcohols [286]. Given alkali 
cations are known to be present within the process waters and the formation of recalcitrant 
or inhibitory compounds such as furfural, phenols and furan may occur during the 
hydrothermal process [287], inhibition appears a likely issue with the AD process. 
Consequently the AD route may favour alternative carboxylate routes such as hydrogen 




3. Methodological Development 
This following chapter contains detailed information on the equipment and 
analytical techniques used and developed while undertaking this thesis. Based on the 
results and experience methodology was continually reviewed and developed throughout 
this work, albeit individual data sets are constant. Due to the methodology evolving as 
the thesis developed, each chapter contains a concise methodology for the data presented 
within that specific chapter.   
3.1. Sample preparation 
Specifics with regard to sample processing and materials processed are given in 
each individual chapter. These specifics include the origin of the feedstock and the size 
at which the material is processed. The following descriptions however detail specific 
methodologies common to all processes. 
3.1.1. Retsch SM300 cutting mill  
Most feedstocks were typically homogenised in a Retsch (Germany) SM 300 
cutting mill before processing, albeit in some cases further size reduction was required in 
advance, in order to fit into the gravity feed. In most applications, a 4mm mesh sieve is 
used at the base of the cutting rotor. The 4 mm will give a size range typically give a 
particle size range suitable for hydrothermal processing; with particles typically 0.5 mm 
to 2 mm in diameter. Further size reduction to <100μm, a size where a fuel is generally 
considered homogenous, has shown to produce very reactive hydrothermal conditions 
with high levels of gas generation and thermal overrun. When undertaking further 
analytical work (e.g. thermo-gravimetric analysis of feedstock) further processing using 
a cryomill is typically required to achieve a particle size of <100μm, at which point the 
sample is homogenous and representative. In order to do this sub-sampling is required. 
3.1.2. Sub-Sampling 
Once the sample has been processed in the Retsch cutting mill, the sample is 
typically sub-sampled using an 18 chute riffle box (Pfeuffer, Germany). The riffle box 
works by adding a heterogeneous sample into the top part of the box. The sample is then 
divided across the 18 opposing inclined chutes. These chutes divide the sample into two 
half lots. One-half is discarded and the over half can be subsequently divided until the 
desired sample mass is achieved. A schematic of the process is given in Figure 3.1. 
When processing bio-coals riffle box splitting is often not appropriate as the 
sample mass is typically small (approx. 50 grams for 250°C bio-coals). In this instance 
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coming and quartering is typically used, which is a method used to reduce sample size 
without creating a sampling bias. The technique involves pouring the sample so that it 
takes on a conical shape, and then flattening it out into a cake. The cake is then divided 
into quarters; the two quarters which sit opposite one another are discarded, while the 
other two are combined and constitute the reduced sample. The same process is continued 
until an appropriate sample size remains. A schematic of the process is given in Figure 
3.2. 
 




Figure 3.2. Coning and quartering, schematic taken from Gerlash et al. [289] 
3.1.3. Retsch cryomill 
The Retsch cryomill is a reciprocal impact /ball mill that is capable of 
cryogenically cooling biomass in the mill to -196 °C by cooling the ball mill enclosure. 
This is achieved by a continual feed of liquid nitrogen into a jacked surrounding the mill, 
avoiding any direct contact between the nitrogen and the biomass. By freezing biomass it 
becomes brittle and on impact with the ball baring and the mill casing the biomass 
undergoes attrition, without heating which can release volatile material. For biomass such 
as Miscanthus, the fibrous nature of the material means it has high resistance to milling 
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and it becomes challenging to grind a whole sample to <100μm, at which point the sample 
can be regarded as homogenous and representative in quantitative analysis. The Retsch 
cryomill has a capacity of 50 ml and can process up to 20 ml of biomass per cycle 
(approximately 10 grams). Once milled the samples were passed through a 100μm sieve 
and any parts too large were re-milled in the cryomill. The Cryomill is also capable of 
operating as an impact mill without liquid nitrogen at room temperature and consequently 
in this work it is utilised as a 50 ml ball mill in addition to a cryomill. 
3.1.4. Retsch AS 200 vibratory sieve shaker  
Retsch AS 200 sieve shakers were utilised to aid separation of the samples to the required 
size fractions. The shakers work by stacking a series of sieves in increasing mesh size and 
then oscillating at a set frequency for approximately 10 minutes. During this time, the 
size fractions are separated by gravity. Typical size fractions include <100 μm for 
thermogravimetric analysis, acid digestion, proximate and ultimate analysis. <1180 μm, 
<600 μm and <75 μm was used when undertaking the Hardgrove Grindability Index. 
 
Figure 3.3. Vibratory sieve shaker schematic 
3.2. Hydrothermal carbonisation 
3.2.1. 600 ml Parr reactor 
HTC was performed in a bench top reactors Parr (USA) reactors at 200 °C and 
250 °C using a 10 % solids loading. Initial work was undertaken in a non-stirred, 600 ml, 
4560 series reactor constructed in 316 stainless steel, using PTFE gaskets a schematic of 
the reactor is given in Figure 3.4. This reactor has a maximum temperature of 350 °C and 
a rated pressure of 200 bar. The reactor had been constructed in 2005 and had undergone 
modification by previous users, which included removal of the stirrer assembly and 
inbuilt cooling loop.  
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Temperature was controlled via a Parr 4836 temperature controller and an 1100 
watt Parr ceramic fibre heating mantle. The temperature controller used a  Proportional 
Integral Derivative (PID) heat controller, which was periodically recalibrated at 200 °C 
and 250 °C using the built in ‘autotune’ function. The PID temperature controller was 
attached to the central J-type thermocouple. Under typical conditions, the reactor is heated 
to the desired temperature at approximately 8 °C minute-1 and the reaction temperature 
held for one hour. After one hour the reactor was removed from the heating mantel and 
allowed to air cool to room temperature (approximately 2 ½ hours from 200 °C; three 
hours from 250 °C). 
 
Figure 3.4, Schematic of 600 ml Parr reactor with pressure gauge and gas outlet 
removed in cross section. 
During runs in the 600 ml Parr reactor a solid loading of 24 grams of biomass and 
220 ml of water was used, which gives a 10% solid loading. This sample volume was 
decided based on previous experiments for HTL operating at 350 °C. At 350 °C water 
volume has expanded 73%, when compared to room temperature [290] and consequently 
this volume was calculated as the safe operation volume using Equation 3.1 and using 
data presented in Table 3.1. Due to pervious work at 300 °C and 350 °C the reactor 
loading was maintained at 24 grams of biomass and 220 ml water for consistency at 200 
°C and 250 °C runs. The 600 ml Parr reactor was operated at isobaric pressures of 16 bar 
and 40 bar respectfully and the reactor pressure achieved through steam evolved as the 
reactor heats.  
Maximum Allowable Volume Loading =   (0.9*[vessel volume]) (3.1) 




Table 3.1: Thermal properties of water at elevated temperature 
Temperature Partial Pressure of Water Specific Weight of Water (l) Expansion Factor* 
(°C) (bar) g/ml  
25 1.0 1.000 1.00 
200 15.6 0.864 1.16 
210 19.1 0.853 1.17 
220 23.2 0.840 1.19 
230 28.0 0.827 1.21 
240 33.5 0.814 1.23 
250 39.8 0.799 1.25 
260 46.7 0.784 1.28 
270 55.1 0.768 1.30 
280 64.2 0.751 1.33 
290 74.5 0.732 1.37 
300 85.9 0.712 1.40 
350 165.4 0.574 1.74 
Expansion Factor = (1/ Specific Weight of Water) 
In the initial work presented in Chapter 4, the gas product was released to the 
atmosphere (once cooled) and the solid and liquid products separated by filtration under 
gravity using 150 mm grade 1 qualitative circles (Whatman, UK) and a stemmed funnel. 
The sample was not washed in water or organic solvent and the bio-coal was air dried in 
a ventilated fume cupboard for a minimum of 48 hours.  
For the work presented in Smith and Ross [259], the 600 ml Parr reactor method 
was adapted slightly with the incorporation of a 4.2 kg, 0.01g balance (ME4002, Mettler 
Toledo, Switzerland), enabling the reactor to be weighed before heating. When cooled, 
the reactor was depressurised into a gas sampling bag for gas analysis and the reactor 
reweighed to calculate gas and moisture loss along with the remaining combined mass of 
process water and bio-coal. The solid and liquid products were separated by filtration 
under vacuum using a 110 mm Buchner funnel and 110 mm qualitative circles (Grade 15, 
Munktell, UK). The process water was then stored and the reactor and char rinsed with a 
known volume of distilled water to recover any remaining sample. The bio-coal was 
allowed to air dry in a ventilated fume cupboard for a minimum of 48 hours. Mass of the 
recovered process water was calculated by subtracting the dry mass of bio-coal from the 
combined mass of process water and bio-coal. 
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3.2.2. 2000 ml Parr reactor 
Following the seaweed work, a 2000 ml, 4622 series reactor constructed in 316 
stainless steel, using PTFE gaskets was commissioned. This was done in order to increase 
the processing volume capability due primarily to high volumes of ash required for 
analysis and the low ash content of lignocellulosics. Temperature was controlled by a Parr 
4838 temperature controller and heat supplied by a 1500 watt Parr calrod heating mantle. 
Temperature was controlled by a PID temperature controller, which was periodically 
recalibrated at 200 °C and 250 °C using the built in ‘autotune’ function.  
Due to the mass of the reactor, Pyrex liners (399HC) were used, which can be 
removed with process water and solids contained within. These liners were weighed 
before and after the runs to give mass before and mass after minus gas loss. The Pyrex 
liners reduced the internal volume to 1700 ml, which gives a maximum safe operating 
volume of 1225 ml based on Equation 3.1. For consistency 96 grams of biomass and 880 
g of water was used, giving a 10% solid loading. Due to the potential for thermal 
overshoot, an upper temperature limit of 260 °C, was programmed into the PID controller 
which isolated power to the heater is this temperature exceeded 260 °C or in the event of 
a ‘loss of signal’ from the thermocouple. Based on 260 °C a combined reactor loading of 
1150 ml was imposed when operating at 250 degrees and using Pyrex liner. A schematic 
of the original reactor is given in Figure 3.5. 
 
Figure 3.5 Unmodified 2000 ml Parr reactor 
3.2.2.1.2000 ml Parr reactor modification 
Reactor commissioning revealed issues with thermal inertia when heating, with 
significant lag between heating the reactor and the response on the thermocouple, leading 
to significant thermal overshoot even when the reactor is calibrated using the ‘autotune’ 
function. To overcome this the thermowell (265HC7), which is standard on this reactor, 
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was removed and replaced with a 3 mm mineral insulated thermocouple enabling intimate 
contact between the thermocouple and the reaction media. To seal the reactor a parallel 
9/16-18 male to ¼” tube stub fitting (Swagelok, USA) was used to seal the tread of the 
pervious thermowell and a ¼” to 1/8” tube union connector (Swagelok, USA) to connect 
the ¼” tube fitting to the thermocouple. To ensure a pressure tight seal the 1/8” union 
ferrules were replaced for 3 mm ferrules, supplied by Swagelok for this purpose.  
A second thermocouple was added to sit between the Pyrex liner and the inner 
side of the 316 steel reactor. This thermocouple was fed though a second previously 
‘blanked’ port in the reactor head. This was sealed using 1/8” male NPT thread to ¼” tube 
stump fitting (Swagelok, USA) into the reactor head. The ¼” tube stump goes into a ¼” 
union tee (Swagelok, USA) with a piezoelectric pressure sensor (PXM309-200G10V, 
Omega, UK) fitted to the 90° branch. The piezoelectric pressure sensor was connected 
via a ¼” female BSPP thread fitting to ¼” tube stub (Swagelok, USA) and sealed using 
Klinger SIL C-4400 gasket. The 180° branch was connected to a second ¼” union tee 
(Swagelok, USA), connected by a ¼” port to ¼” tub stub port connector (Swagelok, 
USA). The 90° branch of the second tee was connected by a ¼” port to ¼” stub port 
connector to a ¼” port to ¼” port needle valve (Swagelok, USA) to enable the reactor to 
be pressurised with different head gasses and to enable purging. The 180° branch on the 
second was connected to a ¼” port to 1/8” BSPT thread female connector, joined by a ¼” 
port to ¼” stub port connector, with a 50 cm, 0.5 mm J-type thermocouple sealed in via 
a Spectite (UK) PF-1/8”BSPT-0.5-L assembly. All fixings and fittings were in 316 
stainless steel with tapered threads sealed with PTFE tape. Parallel threads were set with 
N-5000 nickel anti seize compound (Loctite, Germany). 
The 0.5 mm J-type thermocouple fitted snugly between the Pyrex liner and the 
inner side of the 316 steel reactor, with this thermocouple used as the feedback 
thermocouple for the Parr 4838 temperature controller. The 3mm J-type thermocouple 
was positioned central within the reactor and taken as reaction temperature. Data from 
this thermocouple was logged via a Pico-Logger TC-08 (Pico Technology, UK) and 
PicoLog data logging software. Readings displayed in real time on a PC monitor. This 
setup overcame issues with thermal lag and thermal inertia, however a high failure rate 
of the mineral insulation on the 0.5 mm J-type thermocouple meant this design was 
revised and replaced for a 3mm J-type thermocouple, with the measurement tip in contact 
with the inside of the Pyrex liner. This setup gave good and stable temperature control 
once at temperature and was highly reliable.  
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While stable temperatures were achieved once heated, this setup did not overcome 
the issue with temperature overshoot. Observations however showed that by monitoring 
changes in pressure within the reactor it was possible to accurately gauge equilibrium 
points at which the heat within the reactor and the heat going into the reactor are matched 
as this gives a continuous and stable pressure. A stable pressure would indicate a stable 
temperature would soon be reached. The piezoelectric pressure sensor (PXM309-
200G10V, Omega, UK) added as part of the reactor modifications was connected to a 
voltage logger (OM-CO-VOLT101A-15V, Omega, UK), with a 24 v DC bias. The 
pressure sensor works through resistance being directly proportional to pressure exerted, 
consequently change in voltage is directly proportional to chance in pressure. The voltage 
logger is then interphases though an OM-CP-IFC200 data logger interphase (Omega, UK) 
and changes in pressure and time are logged in real time on a PC monitor, along with 
temperature as previously discussed. Periodic calibration of the piezoelectric pressure 
sensor was undertaken by pressuring the reactor in argon using a 145 series piston 
regulator (Paxair, USA) capable of delivering pressure from 0 – 230 bar. The reactor was 
pressurised and the logged voltage taken every 10 bar, using the reactor primary gauge 
pressure (Wika, USA). Using this data, a regression equation was calculated using least 
squares and used to display pressure on PC screen. 
To achieve a stable temperature and pressure it was found that for a 250 °C run, 
setting the PID controller would be typically set at 230 °C and on heating would typically 
bring about a 20 °C overshoot (thus 250 °C). By monitoring pressure during this 
overshoot, it was possible to gauge when the temperature within the reactor was 
stabilising due to stabilisation of pressure. At the point the pressure stops increasing, 
temperature could then be set at 250 °C on the PID controller and the PID controller 
should then be able to indefinitely maintain that temperature. For 200 °C the PID 
controller would typically be set at 170 °C.  
Reactor heating behaviour did however appear to be feedstock specific, with 
overshoot typically associated with samples that result in increased gas production (e.g. 
high cellulose feedstock). This would be due to the generation of gas reducing the latent 
heat requirement, required to generate steam, which self-pressurises the reactor. It was 
also found by pre-pressuring the reactor using an inert gas substantially increased heating 
rate and enabled more stable temperature during operation. This will be due to the reduced 
steam requirements during self-pressurisation lowering latent heat requirements during 
heating. A heating rate of approximately 5 °C minute-1 is achieved when pre-pressurising 
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with 5 bar argon. Heating rates of 20 °C minute-1 can be achieved using the 600 ml 
reactors, using 5 bar argon. Argon was chosen as the principle head gas due to; (i) its use 
as the carrier gas in a GC-TCD commonly used for permanent gas analysis; (ii) nitrogen, 
a common inert gas used in hydrothermal research is a heteroatom of interest; (iii) its 
critical pressure of 49 bar is higher than nitrogen and helium; and (iv) it has good 
insulating properties.  
Five bar argon will reduce the amount of steam generated but not replace it 
outright. In order to avoid steam generation it was calculated that an initial pressures of 
7.6 bar and 14.1 bar of argon would be required to achieve the isobaric pressures of 16 
bar and 40 bar for 200 °C and 250 °C respectively. This takes into account the thermal 
expansion of the gas and water. A schematic of the modified 2000 ml Parr reactor is given 
in Figure 3.6.  
 
Figure 3.6. Modifications to 2000 ml Parr reactor 
3.2.2.2.2000 ml Parr reactor operating procedure 
When operating the reactor, the Pyrex liner, mass of biomass and mass of water 
was weighed before loading the reactor. Once loaded the reactor was sealed and cleared 
of air via a vacuum pump (RV8, Edwards, UK) via the gas outlet valve on the pressure 
gauge assembly. The reactor was subsequently flushed with argon via the inlet value, 
shown in Figure 3.6 via a 145 series piston regulator (Paxair, USA): the reactor was 
subsequently cleared and refilled twice before each run to remove residual air. When 
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clearing the reactor of air, a vacuum was applied until a constant pressure was displayed 
on the pressure logger.  
Once cleared of air the reactor was pressurised to five bar and the reactor typically 
left for 30 minutes logging pressure prior the run. In this time the internal pressure will 
stabilise and become constant. The pressure logger is very sensitive and if pressure 
continues to decrease there is likely a leak that needs to be resolved prior operation. 
Following a satisfactory pressure check, the reactor pressure is taken and the reactor 
heated to the desired temperature. The thermocouple located in the centre of the reactor 
(reaction thermocouple in Figure 3.6) is connected to the Pico Logger, with temperature 
continually displayed and plotted on a PC monitor. This temperature is taken as reaction 
temperature. Hold times started when the desired temperature was achieved on this 
‘reaction’ thermocouple. After the desired hold time (typically one hour) the reactor was 
removed from the heating mantel, and allowed to air cool to room temperature 
(approximately three hours from 200 °C; 3 ½ hours from 250 °C).  
When cooled, the reactor pressure was noted along with the corresponding reactor 
temperature so that reactor pressures could be calculated as room temperature equivalent 
and directly compared. Reactor gas was subsequently depressurised into a gas sampling 
bag (Saint Gobain, France) fitted with a 3 way ball vale (Swagelok, USA) for gas analysis. 
Once opened the Pyrex reactor liner and contents was reweighed and any additional 
moisture on the reactor quantified using pre-weighed tissue paper. The solid and liquid 
products were separated by filtration under vacuum using 110 mm qualitative circles 
(Grade 3, Whatman, UK). Remaining solid sample in the Pyrex liner was recovered 
though repeated rinsing of the liner with the process water until the liner was clear of 
char.  
The process water yield was subsequently calculated by subtracting the starting 
mass of the liner and the wet char from the post-run mass of Pyrex reactor liner and 
contents. The gas yield was taken as the starting mass of the liner and contents minus the 
mass of the liner and contents plus the mass of moisture recovered from the reactor.  
In interest of safety the reactors were operated with rupture disk assemblies (Fike, 
USA), which was connected by flexible ¾” stainless steel tubing into the ventilation 
ducting. In the event of the reactor over-pressurising and the assembly rupturing, the 
steam and reactor content would be safely diverted by this stainless steel into the ducting 
as opposed to the laboratory. The reactor was operated in fume cupboard with the sash 
closed to prevent steam entering the laboratory in the event of a gasket or component 
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failure. Heating controls were located outside of the fume cupboard. Due to the high 
pressures encounters during some experiments the rupture assembly on the 2000 ml Parr 
reactor was upgraded from 1000psi to a 2000 psi Inconel rupture assembly (Fike, USA). 
This pressure is still within the rated pressure of the reactor; following upgrade of the 
pressure gauge (Wika, USA).  
The Inconel steel appears to become brittle after prolonged exposure to chlorine, 
which can result in failure below rated pressure. Consequently, periodic replacement of 
the rupture disk was adopted as part of routine maintenance. Routine maintenance 
included, calibration of heaters using the ‘autotune’ function and calibration of pressure 
sensor. In addition to the routine maintenance and pre-run pressure testing, the reactor 
was subjected to annual hydrostatic pressure test (Craftsman Tools, UK) to ensure 
integrity of the reactor and additional components added.   
3.3. Proximate analysis  
The proximate analysis gives an understanding of the fuel composition in terms of the 
moisture, volatile, fixed carbon and ash content and can be used to help determine the 
bio-coals equivalent coal rank [64, 291]. 
3.3.1. Moisture Content  
For moisture content an adapted method of BS EN ISO 13134-1: 2015 was used, 
where by moisture was determined using an oven dry method at 105(±2)°C under a stream 
of nitrogen in a specially designed moisture oven (Carbolite, UK) for one hour. Samples 
were dried in glass dishes with a maximum loading of 1g /cm2. In a divergence to BS EN 
ISO 13134-1: 2015 a sample mass of 300 grams was not used, instead a mass closer to 3 
grams for the bio-coals was used in addition to a laboratory balance accurate to 0.005 mg 
(Mettler Toledo, Switzerland), where the analytical standard requires a balance accurate 
to 0.1 g. In another divergence from BS EN ISO 13134-1: 2015, samples were removed 
from the sampling oven and allowed to cool in a desiccator prior to weighing.  
Moisture determination via thermogravimetric analysis appeared less repeatable 
and consequently moisture values stated in this work are determined via this oven dried 
method. Likewise, ultimate analysis results presented on a dry basis were calculated based 





3.3.2. Ash Content  
Determination of fuel ash content was determined in accordance with BS EN ISO 
18122:2015. The methods state that ashing should take place at 550 °C but also gives 
specific heating conditions. These conditions state that the sample should be heated from 
room temperature at an even heating rate to 250 °C at a heating rate of 5 °C min-1. Once 
250 °C is achieved, this temperature should be maintained for a minimum of 60 minutes 
to allow the volatiles to leave the test portion before ignition. Following the 250 °C hold 
samples are heated to 550 °C at a heating rate of 10 °C min-1 and held for a minimum of 
120 minutes.  
The ash analysis was undertaken in a Nabertherm B80 furnace with a temperature 
programmable PID controller. Typically, samples were cooled to approximately 200 °C 
in the furnace before removal. Samples were cooled to room temperature in a desiccator 
prior to weighing. Ashing was undertaken in either alumina or porcelain crucibles. Care 
was taken not to exceed a sample loading of 0.1g cm2 to avoid incomplete incineration or 
absorption of carbon dioxide by calcium in the top layer of the ash (forming calcium 
carbonate). Crucibles were pre-conditioned and samples were weighed on a laboratory 
balance accurate to 0.005 mg (Mettler Toledo, Switzerland). For all samples, a minimum 
of two determinations was undertaken. 
3.3.3. Volatile and fixed carbon content 
Determination of volatile and fixed carbon content is described in BS EN ISO 
18123:2015 and uses a pre-heated ashing furnace hated to 900 (±10) °C, whereby the 
sample is devolatilised for 7 minutes. Because of the low fixed carbon yields and high 
volatile carbon contents of many of the starting feedstocks used in this work, proximate 
analysis of the chars by the conventional British Standard methods is challenging. 
Consequently determination of volatile and fixed carbon content was undertaken by 
thermogravimetric analysis (TGA) using a Mettler Toledo TGA/DSC1 and later work a 
Mettler Toledo TGA/DSC3. It is recognised that volatile matter measured via TGA may 
differ to that measured by the British Standard method, and so the results are only applied 
in a comparative way. The TGA method has additional advantages in it offers additional 
information, for example offering information on the temperature and rate of volatile 
release, reactivity and heat flow information, which overcome the “approximate” nature 
of the analysis. 
The proximate analysis was carried out using a programmed method consistent 
on both the TGA/DSC1 and TGA/DSC3, with both instruments fitted with automated gas 
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switching boxes. The main difference between the two instruments being the furnace 
limit, with 1100 °C and 1500 °C limits for TGA/DSC1 and TGA/DSC3 respectively. 
Both instruments were fitted nitrogen with an inline super clean gas filter and oxygen trap 
(Restek, USA) on the nitrogen lines. The proximate analysis involved heating the sample 
in nitrogen atmosphere from 30 °C at a rate of 25 °C min-1 to 105 °C, with a 10 minute 
hold at 105 °C to remove residual moisture. The sample was then heated at 25 °C min-1 
to 900 °C in a nitrogen atmosphere, where they were held at 900 °C for an additional 10 
minutes to ensure full devolatilisation. After 10 minutes the atmosphere was switched to 
pure bottled air at 900 °C, which was held for an additional 15 minutes to enable complete 
combustion.  
Samples were typically treated in 70 µl alumina crucibles annealed at 1100 °C 
(Mettler Toledo, Switzerland). It was however observed that when processing samples 
with high alkali metal contents the alumina became permeable to molten sodium and 
potassium. This could result in fusing of the crucible to the ceramic balance arm. 70 µl 
platinum crucibles, annealed at 1100 °C (Mettler Toledo, Switzerland), were 
subsequently used for high salt containing samples, using the same heating rate but a 
platinum cubicle method. A sample mass of 10 mg was used per run. Multiple proximate 
runs with differing masses are given in Figure 3.7. Differences between the first derivative 
thermogravimetric curves (DTG) indicate there is minimal thermal transfer issues during 
devolatilisation. The results do however suggest sample size does limit the rate of 
oxidation during combustion. Consequently a sample mass of 10 mg is needed for all 
samples when analysing reaction rates and comparing DTG profile. 
 
 
Figure 3.7, The first derivative thermogravimetric analysis of proximate runs at 
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When analysing the proximate analysis, moisture was taken as the mass difference 
between the starting mass and the mass at the end of the 10 minute hold at 105 °C. Volatile 
matter was taken as the change in mass between the end of the 10 minute hold at 105 °C 
and the mass just before the point the atmosphere was switched to air at 900 °C. Residual 
material after 15 minutes at 900 °C should be the ash content of the fuel, when ashed at 
900 °C. This is assuming complete combustion has occurred, as is the case in the example 
given in Figure 3.8. The difference between the mass just before the atmosphere was 
switched to air and the ash weight can be determined as the fixed carbon.  
 
Figure 3.8, Proximate analysis of a unprocessed Miscanthus via TGA 
Within this thesis, figures are given on a dry basis, unless otherwise stated. These 
values are determined following the method started in ASTM D3180-15 and following 
the definitions given in ASTM D3180-15 and respective formulae. These are as follows: 
As-determined basis (ad) - analytical data obtained from the analysis sample after 
conditioning and preparation. As-determined data represents the numerical values 
obtained at the particular moisture level in the sample at the time of analysis. These values 
are normally converted, according to formulae 3.2-3.4 to conventional reporting bases. 
As-received basis (ar) - analytical data calculated to the moisture condition of the sample 
as it arrived at the laboratory and before any processing or conditioning. If the sample has 
been maintained in a sealed state so that there has been no gain or loss, the as-received 
basis is equivalent to the as sampled basis. 
Dry basis (db) - data calculated to a theoretical base of no moisture associated with the 
sample. The value obtained in accordance with BS EN ISO 18122:2015 is used for 
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Dry, ash-free basis (daf) - data calculated to a theoretical base of no moisture or ash 
associated with the sample. Numerical values as established by Test Method D 3173 and 
Test Method D 3174 are used for converting the as-determined data to a moisture- and 
ash-free basis. 
As-received basis (ar) = (100 – Moisture ar)/ (100 – Moisture ad) (3.2) 
Dry basis (db) = 100 / (100 – Moisture ad) (3.3) 
Dry ash- free basis (daf) = 100 / (100 – Moisture ad – Ash ad) (3.4) 
3.4. Ultimate analysis  
Ultimate analysis is used to determine the carbon, hydrogen, sulphur, nitrogen, 
oxygen, ash and moisture contents of a fuel. The method to determine the ash and 
moisture were described above, while the carbon, hydrogen, sulphur, nitrogen and oxygen 
was determined using a CE Instruments Flash 1112 or a Thermo Scientific Flash 2000 
Series elemental analyser. The specific instrument is stated in each chapter.  Both analyses 
followed the methodology laid out in the British Standard BS EN ISO 16948:2015.  
3.4.1. CHNS using CE Instruments Flash 1112 
The calibration standards used to calibrate the CE Instruments Flash 1112 are: 
atropine, methionine, cystine, sulphanilamide and BBOT (2,5 Bis–(5–Tert-Butyl-
Benzoxazol-2-yl)-thiopene) (Elemental Microanalysis, UK). Two standard reference 
materials were typically used; usually a reference coal, oatmeal reference or barley 
reference (Elemental Microanalysis, UK) depending on the expected carbon content of 
the fuel. These standard reference materials were run every 10th sample as a control to 
check instruments performance. 2-3mg of calibration standard or fuel sample (in 
duplicate) were accurately weighed into small tin capsules (Elemental Microanalysis, 
UK) using laboratory balance accurate to 0.005 mg (Mettler Toledo, Switzerland) and 
crimped to remove any air. 
Samples are loaded into the instrument via an auto sampler and the crimped 
sample capsule is loaded into a piston chamber and purged with helium to remove residual 
air. The samples then fall into a combustion reactor at 900 °C, along with an oxygen 
injection (10 seconds required for bio-coal combustion) to combust the sample. The 
combustion gases are transferred to a reduction tube / reactor primarily comprising of 
electrolytic copper and copper oxide at 650 °C via a helium carrier gas which ensures the 
combustion gases are converted to carbon dioxide, water, nitrogen and sulphur dioxide 
(e.g. nitrogen oxides are reduced to elemental nitrogen and carbon monoxide is converted 
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to carbon dioxide). These gases then enter a gas chromatography column where they are 
separated before being detected by a thermal conductivity detector (TCD). The TCD is 
among the most commonly used measuring devices for monitoring substances separated 
in a column. The detector measures a change in the thermal conductivity of the helium 
carrier gas caused by the presence of the eluted carbon dioxide, water, nitrogen and 
sulphur dioxide. Oxygen was calculated by difference. When dealing with samples 
suspected to contain sulphur vanadium pentoxide was used as an oxidising agent to aid 
combustion.  
Results are given on a dry basis, as stated in BS EN ISO 16948:2015 and on 
occasion in terms of dry ash free. These values were determined following the method 
started in ASTM D3180-15 and the respective formulae are as follows: 
C,N,S(db) = C,N,S(ad) *(100 / (100 – Moisture ad)) (3.5) 
H (db) = (H(ad) - (2 *(Moisture ad /18))) *(100 / (100 – Moisture ad)) (3.6) 
Odb=100−Cdb−Hdb−Ndb−Sdb−Adb (3.7) 
3.4.2. CHNSO using Thermo Scientific Flash 2000 
The Thermo Scientific Flash 2000 is essentially an updated CE Instruments Flash 
1112 analyser. The instrument was however fitted with an additional reactor and column 
enabling the instrument to detect both CHNS (as above) and oxygen. CHNS was 
undertaken using the same reactor type as above although calibration was adapted 
slightly, with BBOT, oatmeal and barley flower typically used in duplicate as calibration 
standards as opposed to atropine, methionine, cystine, and sulphanilamide. This was done 
because it was observed using calibration reference materials, which match the samples 
being analysed, tended to give more repeatable results and tended to highlight issues with 
the instrument on calibration. Oxygen analysis was undertaken as a separate analysis 
consisted of 2-3mg of calibration standard or fuel sample into small silver capsules 
(Elemental Microanalysis, UK) and crimped to remove any air. Acetanilide and aspartic 
acid were used as the calibration standards with each standard used in duplicate. When 
analysing, every 10th sample as a control standard consisting of atropine to check reactor 
performance.  
It was found that when analysing low sulphur samples, analysis by BS EN ISO 
16994-2 using an oxygen bomb (Parr, USA) and ion exchange chromatography (Dionex, 
USA) proved more appropriate, as the samples were often at or below the lower detection 
limit of the Flash 2000 instrument. 
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Oxygen analysis is similar to CHNS where by samples are loaded into the 
instrument via an auto sampler and the crimped sample is loaded into a piston chamber 
and purged with helium to remove residual air. The samples then fall into a pyrolysis 
reactor at 900 °C where any oxygen is emitted as carbon dioxide, carbon monoxide and 
water.  The pyrolysis gases are transferred to a reactor primarily comprising of silica and 
nickel plated carbon at 650 °C via a helium carrier gas which then passes the gas though 
a soda lime and magnesium perchlorate adsorption filter. This ensures that all oxygen is 
converted to carbon monoxide. The gas then enter a gas chromatography column where 
they are separated before being detected by a TCD. 
Results are given on a dry basis, as stated in BS EN ISO 16948:2015. These values 
were determined following the method started in ASTM D3180-15 and the respective 
formulae are as follows: 
C,N,S(db) = C,N,S(ad) *(100 / (100 – Moisture ad)) (3.8) 
H (db) = (H(ad) - (2 *(Moisture ad /18))) *(100 / (100 – Moisture ad)) (3.9) 
O (db) = (o(ad) - (16 *(Moisture ad /18))) *(100 / (100 – Moisture ad)) (3.10) 
3.5. Determination of calorific value 
The higher heating values of the feedstock and the fuels was determined by either 
Dulong’s Formula for estimating higher heating value (HHV) or higher calorific value 
(HCV) as it is sometimes referred. Dulong’s Formula is given as Equation 3.11 [292]. 
The values are based on the CHNSO data obtained using the methodology described in 
Section 3.4, above. HHV was also calculated using Parr (USA) 6200 bomb calorimeter 
and the results were found to correlate closely, validating Dulong’s Formula for bio-coals. 
In this work the bomb calorimeter was primarily used as an oxygen bomb in order to 
undertake chlorine and sulphur analysis by BS EN ISO 16994-2016, as discussed in 
Section 3.6.7. Issues with the associated chiller did however bring about some erroneous 
data in Chapters 6 and 7. Consequently, in some sections HHV by bomb calorimeter has 
been omitted.  
HHV (MJ/kg) = (0.3383*% Carbon) + (1.422*% Hydrogen) – (% Oxygen / 8)  (3.11) 
 
Lower Heating Values (LHV) (net calorific value) have also been calculated. The 
latter value taking into account the latent heat requirements for the water generated from 
the fuel bound hydrogen on a dry basis, and, the water within the fuel and fuel bound 
hydrogen on an as received basis. HHV assumes water vapour formed is condensed and 
this energy is recovered. Given in many combustion applications (e.g. coal power station) 
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the latent heat is not recovered and LHV is often the more significant value as it represents 
the overall energy available. LHV was calculated using Equation 3.12. 
LHV (MJ/kg) = HHV – (2.442 * [kg H2O in fuel + kg H2O from H2])  (3.12) 
Whereby: 
kg H2O in fuel = % Moisture(ar)/1000 
kg H2O from H2 = (((%H2(ar)/1000)/2)*18) 
H2(ar) = H2(db) *((100- Moisture(ar))/100) 
3.6. Inorganic and heteroatom analysis 
With the exception of oxygen and nitrogen, quantitative determination of 
inorganic and heteroatom elements within the fuel involve the extraction of the elements 
on interest from the fuels matrix into a media in which they can be determined. For many 
of the methods discussed in the following section this involves completely transferring 
the analyses into a solution via acid digestion. This is however not exclusive as for 
substances which do not normally dissolve in acids can also be detected though ashing 
and then determined using quantitative techniques using x-ray fluorescence. This section 
discusses the methods and method development undertaken during this work.   
3.6.1. Acid digestion 
Acid digestions are employed to determine elements in a solid sample by 
completely transferring the elements of interest into solution so they can be determined 
in liquid form (for example by AAS or ICP-MS), while avoiding loss or contamination 
of the analyte. For biomass and biofuels acid digestion involves the decomposition of 
organic material and to achieve this an oxidising acid is required. Nitric acid (HNO3) is 
typically used as, unlike other common acids such as hydrochloric acid (HCl), 
hydrofluoric acid (HF) and sulphuric acid (H2SO4), it’s an oxidising acid and can 
decompose organic material as shown in Equation 3.13. In order to oxidise using the non-
oxidising acids, oxidising agents are required, typically hydrogen peroxide (H2O2), which 
offers oxidation potential though decomposition, as shown in equation Equation 3.14 or 
though combination with nitric acid, as used with aqua regia,  which is 3:1 hydrochloric 
acid  and nitric acid.  
(CH2)n + 2HNO3 → CO2 + 2NO + 2H2O (3.13) 
2 H2O2 → 2H2O + O2 (3.14) 
Hot concentrated nitric acid (68 % w/w) is an oxidising acid and dissolves most 
metals [293] and was used to digest the samples in Chapter 4, with digestion undertaken 
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in an Anton Paar (USA) Multiwave 3000 microwave digester using quartz reactors. 
Microwave digesters use high frequency microwaves, high temperatures and increased 
pressure, as offered by the microwave digestion vessel to aid sample dissolution [293]. 
When undertaking acid digestion using the Multiwave 3000 microwave digester 
approximately 0.2 grams of sample was accurately weighed to four decimal places and 
added to the quartz reactor vessels, with mass taken by difference (mass of sample minus 
mass of sample left on weighing boat). 10 ml of nitric acid was then added to the digestion 
vessel and loaded into the microwave. The samples were then heated using 700 watts to 
280 °C and 80 bar pressure over a period of 15 minutes. The temperature and pressure 
was then held for 45 minutes. After 45 minutes the samples were cooled and 
depressurised. Once cooled the samples were transferred into clean 50 ml volumetric flask 
and the digestion vessel thoroughly rinsed using a wash bottle containing ultra-high purity 
deionised water (Elga, UK) and a rubber policeman, to ensure full recovery of the analyte. 
Once clean the volumetric was made up to the meniscus line and the sample stored for 
analysis in 50 ml centrifuge tubes (LabCon SuperClear, USA). Acid blanks were also 
prepared alongside the digestion standards to assess contamination of the analyte. 
While hot concentrated nitric acid dissolves most metals it does not form soluble 
nitrates with: gold, platinum, aluminium, boron, chromium, titanium and zirconium, nor 
does it break down silicon. It was also observed that the nitric acid digestions sometime 
left a white precipitate, which is believed to be a calcium aluminium silicate complex. 
Consequently, an alternative acid digestion method was developed using hydrofluoric 
acid, with the aim to volatilise the silicon. This enables full quantification of calcium and 
aluminium.  
Hydrofluoric acid dissolves glassware so digestion could not be done in the quartz 
digestion vessels so open vessel digestion was adopted instead. Approximately 0.2 grams 
of sample was accurately weighed (by difference) to four decimal places and placed in a 
polypropylene beakers with 10 ml hydrofluoric acid added and sample heated on a steam 
bath. The hydrofluoric acid then proceeds to decompose silicates, forming silicon 
tetrafluoride gas, as shown in Equation 3.15. Residual hydrofluoric acid is then 
evaporated on the steam bath to ensure slow evaporation and to prevent vigorous boiling 
[293]. The residue is taken to dryness to remove residual hydrofluoric acid. Complexes 
of metal fluoride ions are very stable and consequently complete removal of the fluoride 
is required. This is typically done by adding sulphuric acid to form metallic sulphates 
[293], but in order to do this platinum crucibles are required, which were not available. 
Sulphuric acid will react with the polypropylene so the residue within the beaker was re-
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digested in 10 ml hydrochloric acid (32 % w/w) and transferred to a 400 ml pyrex beaker. 
The contents of the beaker is then heated to dryness on a hotplate to form metal chlorides 
as opposed to metal fluorides. Residual organic material was then removed using a 
combination of 5 ml 1:1 sulphuric acid dehydrate to organic material and 10 ml nitric acid 
(68 % w/w) to oxidise and remove it. This was undertaken on a hotplate at the acid boiling 
temperature, with the 400 ml pyrex beaker covered by a Pyrex clockglass of slightly larger 
diameter than the beaker. This clockglass does not prevent the escape of gas but is enough 
to retain the acid vapours, refluxing the acid, whereas otherwise the vapour will escape 
freely [293]. This setup is shown in Figure 3.9. 
Following digestion the acid was taken to insipid dryness before being made up 
to volume in a volumetric flask, with the aid a wash bottle containing ultra-high purity 
deionised water (Elga, UK) and a rubber policeman. Insipid dryness is required if the 
analyst intends to use ICP-MS as the residual sulphate could otherwise cause issues with 
ionic loading. Two certified biomass reference materials (Elemental Microanalysis, UK) 
were used to check the extraction efficiency. Samples are stored for analysis in 50 ml 
centrifuge tubes (LabCon SuperClear, USA). Acid blanks were also prepared alongside 
the digestion standards to assess contamination of the analyte. 
4HF + SiO2 → 2H2O + SiF4  (3.15) 
 
Figure 3.9. Beaker under reflux 
3.6.2. Inorganic analysis via Inductively Coupled Plasma Mass Spectrometry 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a multi-element 
determination system capable of determining ions at very low concentrations within a 
liquid sample. The system works by continually inputting sample into a stream of argon 
gas at slightly above atmospheric pressure. Electromagnetic induction then ionises the 
argon creating a thermal plasma up to 8000 °C, creating a high concentration of gas phase 
ions. These primary ions generated by the ICP are then analysed by a quadrupole mass 
spectrometer. The quadrupole filter then separates the ions, which are then channelled at 




Figure 3.10 Schematic of an Perkin Elmer ELAN ICP-MS, obtained from Klinkenberg 
et al. [294] 
Initially ICP-MS was the main method for multi-element determination in this 
thesis, using a Perkin Elmer ELAN DRC-e ICP-MS (USA). Issues however arose with 
the instruments upper limit of detection, which was around 1 ppm (1 mg/l). Given 
elements of interest within this project can be present in weight percentage 
concentrations, dilutions of 0.2 grams in 5000 ml were typically required. At this dilution, 
good resolution of the minor elements was not possible due to very low concentrations; 
moreover, error was added when diluting samples. Consequently, Atomic Absorption 
Spectroscopy (AAS) was adopted as the method of choice for potassium, sodium, 
calcium, magnesium and iron, while trace elements were analysed by ICP-MS, using 
dilutions of 0.2 grams in 50 ml or 500 ml. This exceeded the detection limits for the 
elements detected by AAS but gave good resolution to the minor elements present. Metal 
concentration within the sample was then determined using Equation 3.16. 
Element (mg/kgsanple)ad = (Conc (mg/l) x Dilution (l))/ Sample Mass (kg) (3.16) 
3.6.3. Inorganic analysis via Atomic Absorption Spectrometry 
Atomic Absorption Spectrometry (AAS) is a single-element determination 
system, capable of determining metallic salts. The process works by aspirating a solution 
containing a metal salt into a flame. When in the flame the solvent is evaporated quickly, 
leaving a solid residue in the flame, this quickly dissociates into constituent atoms. When 
atoms are excited they can be undergo a change in energy level, which releases a photon 
of energy. This photon wavelength is element specific and can be detected by a detector, 
with the emission directly proportional to the element in the solution. This process is 
called Atomic Emission Spectroscopy (AES) and is typically used as an alternative 
detector to a mass spectrometer when combined with an inductively coupled plasma 
88 
 
(ICP). While atomic emission is possible using a flame, the temperature of the flame 
determines the excitation of the elements and the lower temperatures of a flame when 
compared to thermal plasma means most gaseous metals will remain in an unexcited state 
(will not emit photons), in what is known as a ground state. These elements are however 
capable of absorbing a photon of their own resonance frequency. AAS works by passing 
a beam of light (photons) at an element specific wavelength through the flame while the 
metals are dissociates into constituent atoms. The extent to which this beam is then 
absorbed is directly proportional to the number of ground state atoms in the flame [293]. 
The light source is typically a hollow cathode lamp, with the cathode usually comprised 
of the analyte. Single source xenon bulbs are however now available. A schematic of the 
process is given in Figure 3.11. 
 
Figure 3.11, Schematic of an atomic absorption spectrophotometer 
In this work sodium, magnesium, aluminium, potassium, calcium and iron were 
analysed by AAS following acid digestion, as they were found to main ash forming 
elements within the bio-coals and feedstock. Silicon cannot be determined by AAS. AAS 
was undertaken using a Varian (Australia) 240 FS Flame analyser, using single element 
hollow cathode bulbs and with air acetylene and nitrous oxide acetylene flame options. 
To determine elements via AAS, each element has specific optimum wavelength for a 
concentration range, along with specific flame stoichiometry, slit width and lamp current. 
The instrument s setup depending on the specific parameters required for that specific 
element, with the parameters given in Table 3.2. The instrument was fitted with a Sample 
Introduction Pump System (SIPS), which can automatically dilute samples to within the 
appropriate dynamic range (within reason).  
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0.01-2.0 589.6 1 air-acetylene oxidising 5 mA 
2-400 330.3 0.5 air-acetylene oxidising 5 mA 
Magnesium 0.15-20 202.6 1 air-acetylene oxidising 4 mA 
Aluminium 0.3-250 309.3 0.5 nitrous oxide-acetylene reducing 10 mA 
Potassium 
0.1-6.0 769.9 1 air-acetylene oxidising 5 mA 
15-800 404.4 0.5 air-acetylene oxidising 5 mA 
Calcium 
0.01-3 422.7 0.5 nitrous oxide-acetylene reducing 10 mA 
2-800 239.9 0.2 nitrous oxide-acetylene reducing 10 mA 
Iron 
0.06-15 248.3 0.2 air-acetylene oxidising 5 mA 
1-100 372 0.2 air-acetylene oxidising 5 mA 
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3.6.4. Determination of phosphorus by colorimetry  
Phosphorus determination via ICP-MS and AAS is not recommended and 
consequently phosphorus was determined by sample digestion in nitric acid followed by 
colorimetric determination using the phosphovanadomolybdate method. To achieve this, 
two 25 ml aliquots of sample were added to two separate 50 ml volumetric flasks, with 
one marked reagent and one marked blank. 10 ml of ammonium molybdavanadate 
solution (0.625 g ammonium matavanadate in 200 ml in 1:1 nitric acid added to 25 grams 
of ammonium molybdate in 200 ml of deionised water and made up to 500 ml) was added 
to the flask marked reagent and both volumetric flasks made up to volume. The colour 
change was allowed to develop over 30 minutes and measured at 430 nm in a Thermo 
Scientific Multiskan GO UV-visible light spectrophotometer (USA).  
The process works by converting the phosphorus into a phosphovanadomolybdate 
complex, which absorbs light at 430 nm. A sample blank is required because iron present 
within the sample also absorbs within this wavelength and use of a sample blank ensured 
this is corrected for [293]. Samples were done in duplicate with triplicate readings taken 
to determine absorbance. Calculation of absorbance is given in Equation 3.17. Calibration 
was achieved by making a series of calibration standards using 1000 mg/kg phosphate 
stock solution (Spectrosol, UK), with care taken to convert from phosphate to total 
phosphorus. A regression equation calculated using least squares and used to determine 
the total phosphorus within the solution. Concentration of phosphorus in the feedstock or 
fuel was then calculated using Equation 3.16.  
Abs total = Abs sample - Abs blank (3.17) 
3.6.5. Determination of silicon by colorimetry  
Determination of silicon via ICP-MS and AAS is generally not possible due to the 
challenge of getting complete dissolution of silicon. Silicon can be determined through 
digestion into a liquid form however such digestions are more complex than most acid 
digestions as the silicon needs to be converted into a siliceous acid. Once silicon is in 
solution it can be determined by colorimetric determination.  
To determine the silicon content the sample was initially ashed at 550 °C in 
accordance with BS EN ISO 18122:2015, as discussed in Section 3.3.2. 1.5 g of sodium 
hydroxide was weighed into a nickel crucible and then heated over a gas burner to form 
a dehydrated nickel hydroxide melt. This was allowed to cool before approximately 50 
mg of ash, accurately weighed using a four-figure laboratory balance, was added to the 
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cold sodium hydroxide melt. The nickel crucible was then heated on a burner at a dull red 
heat until complete dissolution of the ash. Sample was heated for a further five minutes 
before being allowed to cool. Once cooled, 25 ml of distilled water was added and the 
sample heated on a steam bath for 30 minutes to dissolve the melt. The sample was then 
decanted and thoroughly rinsed into a 600 ml glass beaker, with the aid of a rubber 
policeman. The solution made up to approximately 400 ml with distilled water. 20 ml of 
1:1 hydrochloric acid (HCl) was then added before the solution was decanted and rinsed 
into a 1000 ml volumetric flask, topping up with distilled water. Samples were stored in 
plastic bottles until analysis. 
To undertake the colorimetric analysis 10 ml of siliceous acid solution was then 
transferred into a 100 ml volumetric flask, diluted to 50-60 ml with distilled water before 
1.5 ml of ammonium molybdate solution was added (7.5 g ammonium molybdate, in 75 
ml distilled water, followed by 10 ml 1:1 sulphuric acid and finally made up to 100 ml). 
The solution was allowed to stand for 10 minutes before 4 ml of tartaric acid solution 
added (10 g tartaric acid in 100 ml distilled water), followed immediately by 1 ml 
reducing solution (20 ml 45% sodium hydrogen sulphite solution in 90 ml water, mixed 
with 0.7 g sodium sulphate and 0.15 g 4-amino 3-hydroxynaphthalene 1-sulphonic acid 
dissolved in 10 ml distilled water). Solutions were allowed to develop for one hour and 
the concentration of silicon determined by absorbance at 650 nm in a Multiskan GO UV-
visible light spectrophotometer (Thermo Scientific, USA).  
This colorimetric analysis works by converting the silicon into silica acid which 
is then reacted with molybdate to form H8[Si(Mo2O7)6] which gives an intense yellow 
colour. The intensity of the resulting yellow is measured at 650 nm with the intensity 
proportional to the silicon in the starting ash [293]. Samples were done in duplicate with 
triplicate readings taken to determine absorbance. Calibration was achieved by making a 
series of calibration standards using 1000 mg/kg silicon stock solution (Spectrosol, UK) 
and a regression equation calculated using least squares and used to determine the total 
silicon within the siliceous acid solution. Concentration of silicon in the feedstock or fuel 
was then calculated using Equation 3.18.  
Si (mg/kg) = (Conc (mg/l)*Dilution (l)*1000)/ (Mass of ash (g) /(%Ashar/100)) (3.18) 
3.6.6. Determination of chlorine by titration  
A feedstock and fuel’s chlorine content can be calculated when a fuel is dissolved 
in nitric acid using the Volhards method [295]. The method works by adding nitric acid- 
dissolved sample into a 0.1 mol silver nitrate solution in the presence of a ferric alum 
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indicator (ferric ammonium sulphate at cold saturation in water with a little nitric acid). 
The chloride in the sample reacts with the silver nitrate to form insoluble silver chloride 
and the remaining silver nitrate is then titrated with 0.1 mol potassium tyocyanate solution 
[295]. This method however proved more a method to determine total halogen as opposed 
to total chlorine and with the later adoption of hydrofluoric acid digestion, which requires 
hydrochloric acid, this method was replaced with total chlorine by oxygen bomb, as 
discussed in Section 3.6.7. 
3.6.7. Determination of sulphur and chlorine by oxygen bomb 
Determination of halogens, phosphorus, chlorine and sulphur can be achieved 
through the combustion of the feedstock or fuel in an oxygen atmosphere [293]. Chlorine 
and sulphur was analysed by BS EN ISO 16994-2016, whereby approximately 0.2-0.3 
grams of sample is pressed using a 13 mm pellet press (Spex, UK) to 0.1 NM before being 
accurately weighed to 0.1mg. The sample is then combusted in an oxygen bomb (Parr 
6200 (USA)). When analysing for chlorine, fuse wire should be used for ignition as 
opposed to cotton thread as this can add to the chlorine content measures.  Prior to firing, 
10 ml of deionised water added to the bomb, which acts as an aqueous absorption media. 
The combustion vessel is then flushed with oxygen to reduce the nitrous oxide formation, 
as nitrous oxide at high concentrations can be potentially problematic when analysing the 
chlorine and sulphur content using ion chromatography.  
On firing, the bomb was left for approximately 15 minutes to let the vapours 
dissipate. Phosphoric acid mist generated within the bomb from phosphorus present does 
not dissipate into solution so a 24 volt dc current was passed through the electrodes in 
order to dissipate the mist to enable phosphorus determination [296]. Once vapours have 
had a chance to dissipate, gas was discharged and the bomb thoroughly rinsed into a 100 
ml volumetric flask, with the aid a wash bottle containing deionised water (Elga, UK) and 
a rubber policeman. The halogens within the water are then determined using a Dionex 
DX 100 ion chromatograph  fitted with a Dionex IonPac AS14A 250 x 4 mm column and 
an eluent solution composing of sodium carbonate (Na2CO3) (8 mM) and sodium 
bicarbonate NaHCO3 (1mM). Halogen concentration within the fuel or feedstock was hen 
determined using Equation 3.16.  
3.6.8. Determination of inorganics and phosphorus by x-ray fluorescence  
While the inorganic and heteroatom methods discussed to this point involve 
completely transferring the elements of interest from a solid sample into solution, X-ray 
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fluorescence spectrometry (XRF) can be used as a quantitative method for solid samples. 
The technique works by bombarding a sample with high speed electrons. In this process 
the electron beam may displace electrons within inner electron shells of the elements 
present and this lost electron is subsequently replaced with an outer electron releasing an 
x-ray in the process. Like the photons in AAS/AES the resulting emission peaks are 
characteristic of the elements and the emission peaks can be related to the atomic number 
of the elements producing them [293]. A schematic of the process is given in Figure 3.12. 
When calibration is based on biomass reference materials, XRF can be used for a 
quantitative analysis of the total content of the specified elements within different solid 
biofuels.  
 
Figure 3.12. Schematic of the principle of wavelength dispersive x-ray fluorescence  
In this work wavelength dispersive X-ray fluorescence (WDXRF) spectrometry 
was developed to analyse the main inorganics and phosphorus with the fuels and 
feedstock using a Rigaku Primus II (Japan). WDXRF is different to energy dispersive X-
ray fluorescence (EDXRF) spectrometry, typically associated with scanning electron 
microscopes (SEM), in that WDXRF reads or counts only the X-rays of a single 
wavelength at a time, rather than producing a broad spectrum of wavelengths or energies 
simultaneously greatly increasing accuracy. PD ISO/TS 16996:2015 is applicable for the 
following elements: Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
As, Br, Mo, Cd, Sb, and Pb. Concentrations from approximately 0.0001 %. 
3.6.8.1.XRF fusion disk method 
For XRF analysis, ash fusion disks were initially undertaken as it is generally 
accepted that this results in the homogeneous analysis. To undertake this, samples are 
ashed at 550°C in accordance with BS EN ISO 18122:2015. Once ashed the samples are 
further heated to 900°C at 10 °C minute-1 to convert any sulphates in the ash to oxides to 
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avoid interaction with platinum. The mass of ash is accurately weighed to 0.1 mg and 
taken as the ash content at 900 °C. Approximately 0.7 g of ash is ten accurately weighed 
into a platinum crucible and made up to 7 grams using lithium borates flux (SPEX, USA). 
The mixture is then heated to 1100°C and cast in a platinum fusion disk mould using a 
Katanax K1 (Canada) automated fusion system. The fused samples are then analysed 
using the Rigaku Primus II using a metal oxide programme. The instrument was 
calibrated using biomass reference materials prepared in Xing et al., [297].  
To calculate the mass of the detected elements within the biomass, the Rigaku 
Primus II algorithms enable calculation of the elements within the starting ash (900 °C) 
to weight percent within the ash. These values were then converted to weight present 
within the biomass, based on the ash content at 900 °C. The values can then be corrected 
from mass as oxides to elemental mass. Due to the high temperatures required for glass 
fusion; potassium, sodium, calcium, magnesium are determined by AAS as the alkali 
metals are known to volatilise below 900°C thus XRF may underestimate their 
concentration, as specified in PD ISO/TS 16996:2015. 
3.6.8.2.Logic behind development of pressed pellet method 
In general, the sensitivity of XRF when using fusion disks is not sufficient for a 
determination of the content of minor elements (trace metals) in solid biofuels and 
consequently ICP-MS remains the optimum tool for trace metals. Moreover the proposed 
methodology whereby the weight percentage of elements found within the ash is taken as 
weight present within the biomass based on the ash content at 900 °C, is not strictly 
correct due to losses though decomposition of residual carbonates when the mixture was 
then heated to 1100°C. Consequently the method was subsequently further developed for 
the work presented in Chapters 6 to 9.  
3.6.8.2.1. Ash and binder pressed pellets 
In the revised methodology, samples were ashed to a final temperature of 550°C 
in accordance with BS EN ISO 18122-2005. Approximately 0.4 grams of ash was then 
accurately weighed and combined with a lithowax binder using 10:1 ratio. The ash and 
binder was thoroughly mixed using an Agate pestle and mortar and then palletised at 0.5 
NM using a 13 mm pellet press (Spex, UK). Once pressed the pellet was reground in the 
Agate pestle and mortar before being repressed. The second pressing appeared to improve 
the properties of the pellet as well as leaving the pellet completely homogenous to the 
eye. The elemental composition of the ash was then determined by XRF (Rigaku, USA) 
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using a metal oxide method. Due to carbon within the ash, in the likely form of carbonate, 
carbon content of the ash (without binder) was determined by the Flash 2000 CHNS 
analyser (Thermo Scientific, USA) and carbon manually inputted to the XRF component 
list. Using this inputted data the Rigaku Primus II algorithm is able to take into account 
carbon within the existing sample.  
3.6.8.2.2. Binderless pressed pellets 
In work presented in Chapters 10 and 11, the sample process was continued 
without the lithowax binder, reducing carbon error obtained though using the carbon 
based binder. This revised method should overcome issues with metal losses encountered 
as the ash is heated between 900 °C and 1100°C. Moreover given the sample with the 
lithowax binder is 90 % ash and the sample without lithowax is 100 % ash, the increased 
error brought about though heterogeneity of the samples is offset by the increased count 
rates brought about though the higher ash content. This makes this technique more 
suitable for determination of minor elements within the ash as the concentration of minor 
elements is increased within the test piece.  
As the sample target area is reduced from 30 mm, used for the 32 mm fusion disk 
to 10 mm, required for the 13mm pellet, scan time was increased for the pellets to further 
increase count rate. Due to the lower ashing temperature, losses of volatile metals should 
be less than in the fusion disk samples; however, determination of potassium, sodium, 
calcium and magnesium has continued to be determined by AAS, as specified in PD 
ISO/TS 16996:2015. 
3.7. Determination of slagging and fouling propensity. 
3.7.1. Ash fusion testing 
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace. The apparatus is essentially a temperature calibrated tube furnace with a digital 
camera fixed to the front to capture images of the ash every 5 °C while it is heated from 
550 °C to 1570 °C at 7 °C minute-1. The tests were conducted in an oxidising atmosphere 
with an air flow of 50 ml minute-1. Cylindrical test pieces were formed using dextrin 
binder (Sigma-Aldrich, USA) and were run in duplicate. Photographs were taken at 5 °C 
intervals but as the test was performed in accordance with the standard method for the 
determination of ash melting behaviour (DD CEN/TS 15370-1:2006) stages were given 
to the nearest 10 °C as specified in the standard. The key stage temperatures are as 
follows: beginning of shrinkage, sample deformation, hemisphere and flow temperature 
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and based on the observation temperature of specific changes to the text pieces. Figure 
3.13 shows the phases in the melting process. Deformation temperature, the temperature 
at which the first signs of rounding of the edges of the test piece occurs due to melting, is 
often an indicator of the onset of ash stickiness and ash issues. Lower onset temperatures 
suggest increased slagging propensity along with potentially increased fouling 
propensity. 
 
Figure 3.13: Phases in the melting process (Original shape= shape and size at 550°C) 
3.7.2. Predictive slagging and fouling indices 
There does not appear a standard test for fouling at present although in coal 
science the ash fusion test is often a good indicator of the fuels propensity to slag and foul 
with generally high ash melting usually indicative of a low fouling propensity [39]. As 
discussed in Section 2.5.1.4 slagging and fouling indices are empirical formula, which 
predict the likelihood of slagging and fouling based on the elemental chemistry 
determined in Section 3.6. Various slagging and fouling indices have been derived based 
on the chemical composition of the fuels, however to predict the likelihood of fouling 
during combustion of biomass, it is important that they also contain potassium, something 
which can be omitted from coal indices. The equations for alkali index (AI), bed 
agglomeration index (BAI), acid base ratio (R𝑏𝑏𝑎𝑎), slagging (Babcock) index (SI), fouling 
index (FI), and slag viscosity index (SVI) are given in Table 3.3 and are appropriate for 
biomass combustion. 
For the AI an AI<0.17 represents safe combustion, an AI>0.17<0.34 predicts 
probable fouling and an AI>0.34 predicts almost certain fouling [40]. For BAI, a value of 
BAI<0.15 predicts that bed agglomeration is likely to occur [298]. For the R𝑏𝑏𝑎𝑎 a value of 
<0.5 indicates a low risk of slagging and an R𝑏𝑏𝑎𝑎>1.0 predicts a high to severe risk of 
slagging during biomass combustion. SI values below SI<0.6 predict a low slagging 
inclination, SI>0.6<2.0 predicts a medium slagging inclination and SI>2.0 predicts a high 
slagging inclination. For FI values below FI<0.6 indicate a low fouling inclination 
FI>0.6<40.0 medium fouling inclination and FI>40.0 indicate high fouling inclination. 
An SVI>72 indicates a low slagging indication where SVI>63<72 suggests a medium 
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indication and SIV<65 indicates a high slagging inclination. These indices have been 
calculated based on the inorganic and heteroatom analysis obtained in Section 3.6, albeit 
the values calculated in 3.6 were mg/kg on an element basis and these values will have to 
be corrected to oxides to be used in these equations.  
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Acid Base Ratio 𝑅𝑅𝑏𝑏𝑎𝑎 =  
%(𝐹𝐹𝐹𝐹2𝑂𝑂3 + 𝐶𝐶𝑁𝑁𝑂𝑂 + 𝑀𝑀𝐾𝐾𝑂𝑂 + 𝐾𝐾2𝑂𝑂 + 𝑁𝑁𝑁𝑁2𝑂𝑂)
%(𝑆𝑆𝑆𝑆𝑂𝑂2 + 𝑇𝑇𝑆𝑆𝑂𝑂2 + 𝐴𝐴𝐴𝐴2𝑂𝑂3)
 
 
R𝑏𝑏𝑎𝑎 <0.5 low slagging 
risk 
Slagging Index 𝑆𝑆𝐴𝐴 = ( %(𝐹𝐹𝐹𝐹2𝑂𝑂3+𝐶𝐶𝑎𝑎𝑂𝑂+𝑀𝑀𝑀𝑀𝑂𝑂+𝐾𝐾2𝑂𝑂+𝑁𝑁𝑎𝑎2𝑂𝑂)
%(𝑆𝑆𝑆𝑆𝑂𝑂2+𝑇𝑇𝑆𝑆𝑂𝑂2+ 𝐴𝐴𝐴𝐴2𝑂𝑂3)




SI>2.0 high slagging 
inclination 




FI<0.6 low fouling 
FI>0.6<40.0 medium 
fouling 
FI>40.0 indicate high 
fouling 
Slag Viscosity Index 𝑆𝑆𝑆𝑆𝐴𝐴 =  
(% 𝑆𝑆𝑆𝑆𝑂𝑂2 ∗ 100)
%(𝑆𝑆𝑆𝑆𝑂𝑂2 + 𝑀𝑀𝐾𝐾𝑂𝑂 + 𝐶𝐶𝑁𝑁𝑂𝑂 + 𝐹𝐹𝐹𝐹2𝑂𝑂3)
 






3.7.3. Determination of free ionic salts within fuel (fouling) 
In addition to the ash fusion test, determination of water soluble salts can be a 
good indicators of the fouling propensity of the fuel as they are most easily volatilised 
and decomposed [39]. BS EN ISO 16995-2 provides a methodology for determining free 
ionic salts within a biofuel. The method works by accurately weighing out approximately 
0.2 grams to 0.1 mg into 20 x 150 mm Pyrex Screw cap culture tubes with PTFE lined 
phenolic caps. 10 ml of deionised water was then added, tubes sealed and then heated to 
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120 °C in an autoclave (CertoClav, Austria) for one hour. The solid and liquid products 
were separated by filtration under vacuum using a Buchner funnel and 90 mm qualitative 
circles (Grade 3, Whatman, UK). The char was subsequently rinsed with deionised water 
to remove residual salts before the liquid product was transferred to a volumetric flask 
and made up to volume. Determination of salts was undertaken via ion exchange 
chromatography (Dionex, USA). Anions were analysed using a Dionex DX 100 with an 
IonPac AS14A 250 x 4 mm column and used an eluent solution composing of sodium 
carbonate (Na2CO3) (8 mM) and sodium bicarbonate NaHCO3 (1mM). Cations were 
analysed using a Dionex LC20 fitted with an IonPac CS12A 250 x 4 mm column and 
used a sulphonic acid solution (1mM) as an eluent. Both systems used 5 ml sample 
volumes, with 25 µl sample injected onto the column using an automated sampler 
(Dionex, USA). For the recycling process water work presented in Chapter 6 and 7, this 
method demonstrated most of the alkali metal salts present were in the form of free ionic 
salts. While the data compared closely there was however slight discrepancy between the 
AAS and IC data. Rerunning the cation data on the AAS should overcome this but 
technical issues with AAS has meant undertaking this work has, at time of writing not 
been possible.  
Chemical fractionating techniques similar to those descried in Miles et al., [205], 
Skrifvars et al. [267] and Koppejan and Van Loo (2012) whereby a standardised leaching 
process using progressive and more severe chemical reagents (water, then ammonium 
acetate and then hydrochloric acid) may also be more appropriate a technique. This is due 
to washing then leaching with ammonium acetate indicating the proportion of mono-
valiant and di-valiant cations within the bio-coal, which it has been hypothesised that they 
may play a role in bio-coal formation.  
3.8. Determination of combustion and pyrolysis behaviour by thermogravimetric 
analysis (TGA). 
Temperature programmed oxidation (combustion) - thermogravimetric analysis 
(TPO-TGA) is one method originally developed by Babcock and Wilcox for comparing 
and evaluating the combustion behaviour of fuels [68]. This is done by gradually heating 
the fuel at a gradual rate of 10 °C minute-1 in air to 900 °C and by calculating the first 
derivative thermogravimetric (DTG) curve. Form this four characteristic temperatures are 
typically interpreted [68]. The first initiation temperature occurs where the weight first 
begins to fall; the second initiation temperature occurs where the weight loss accelerates 
due to the onset of char combustion. The third is the peak temperature where the weight 
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loss is maximum; and the fourth is the burn-out temperature where the weight is constant, 
indicating the completion of combustion [68].  
TPO was carried out using a programmed method consistent on both the Mettler 
Toledo TGA/DSC1 and TGA/DSC3, with both instruments using an identical 
programmed method and 70 µl alumina crucibles, annealed at 1100 °C (Mettler Toledo, 
Switzerland). Results shown in Figure 3.7 suggest sample size does limit the rate of 
oxidation during combustion, so samples were weighed to 10 mg ± 5%, to avoid mass 
transfer limitations. A sample size below <100 μm was used in order to reduce the effects 
of heat transfer through the particle and to ensure that combustion was controlled 
kinetically [299], in addition to ensuring homogeneity of fuel.  
Determination of the pyrolysis behaviour was obtained by taking the derivative of 
the proximate data obtained under nitrogen at a heating rate of 25 °C minute-1 in air to 
900 °C.  
3.9. Determination of grindability 
The importance of milling behaviour is discussed in Section 2.4.4.2. Resistance 
to milling was calculated using the Hardgrove Grindability Index (HGI), a scale used to 
assess a fuels resistance to grinding and thus the energy requirement to pulverise a fuel 
to the required 70 % below 75 µm needed for pulverised coal applications [300]. The HGI 
method is however not suitable for the lower density biomass which would be too 
voluminous to use in the Hardgrove grindability equipment. A modified HGI has been 
developed by Bridgeman et al. [196] that requires a fixed volume of sample rather than a 
fixed mass seen in the original HGI. A volumetric HGI test was undertaken for some of 
the feedstocks and fuels generated as part of this work, as recommended in Bridgeman et 
al. [196].  
Unprocessed Miscanthus was milled in the Retsch SM300 Cutting Mill outlined 
in section 3.1.1. The milled sample was then sieved using 600 μm – 1.18 mm which is 
the size fraction required for the modified HGI test, while the HTC fuels were simply 
sieved for analysis to between 1.18 mm and 600 µm as the material had previously been 
processed. The HGI test was carried out in the 50 cm3 Retsch Cryomill, discussed in 
section 3.1.3, which was operated as an impact mill without liquid nitrogen at room 
temperature. 10 cm3 of sieved biomass was then accurately weighted to 0.1mg and ground 
in a ball mill for 30 seconds at 15 Hz before being passed through a 75 µm sieve. 
Separation was aided by a Retsch AS 200 vibratory sieve shaker. The mill was calibrated 
using four HGI reference coals (ACIRS, Australia) with HGI of 26, 49, 69 and 94, and a 
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line of best fit calculated using least squares. Calibration details are shown in Figure 3.14 
and samples were analysed in triplicate.  
 
Figure 3.14, Percentage of HGI ranked coals (HGI of 26, 49, 69 and 94) passed through 
a 75 µm sieve in a 50 cm3 Retch ball mill for 30 seconds at 15 Hz 
3.10. Process water analysis 
This study does not attempt to quantify the aqueous products within the process 
water, given it is extremely difficult to determine which chemical reactions take place 
[301], however gaining an insight into the process water chemistry is important to 
understand underlying mechanisms. This section discusses the various methods used to 
achieve this.  
3.10.1. Total Organic Carbon analysis 
Total Organic Carbon (TOC) is the amount of organic carbon present within the 
process waters. The carbon content of the process water was analysed using a Hach Lange 
IL550 (Germany) total carbon analyser. The method works by injecting a water sample 
into a high temperature furnace (1000 °C) within the analyser and any carbon within the 
sample is converted to carbon dioxide. The product gasses are passed through an inbuilt 
gas chromatography (GC) column onto a TCD. Based the retention time within the GC 
column, carbon dioxide is identified and a computer calculates the amount of carbon 
dioxide evolved, which is proportional to the amount of carbon in the sample.  
To tell the difference between organic carbon and inorganic carbon, a sample of 
‘untreated water’ is initially injected into the instrument giving total carbon (organic 
carbon plus inorganic carbon). Acid is then added to the next sample, reacting with the 






















inorganic carbon and removing the carbon as carbon dioxide. The sample is then injected 
into the furnace and the carbon dioxide detected is purely from the organic carbon. 
Inorganic carbon is calculated by subtracting organic carbon from total carbon. The 
instrument is accurate up to 2000 mg/l TC, so consequently process water is typically 
diluted x25 in a volumetric flask and in certain circumstances x50 (recycling process 
water work).  
3.10.2. Free ionic salts by Ion Chromatography 
Free ionic salts in the process waters were analysed by ion exchange 
chromatography (IC). IC works by injecting a sample (25 µl) into an ion exchange column 
where is transported in an eluent and the ions are separated by charge. At the end of the 
column there is a suppressor which acts to decrease any background eluent conductivity 
and noise as well as increasing the analyte conductivity before being passed to a 
conductivity detector. The suppressor greatly enhances the signal to noise ratio detected 
by the conductivity detector. The conductivity detector, analyses for changes in 
conductivity of the eluent as it passes though, giving the reading in µs. A schematic of 
the system is given in Figure 3.15. 
 
Figure 3.15 Schematic of an ion exchange chromatography system 
Quantification is based on the retention time with the response proportional to the 
concentrations of ions present and the response is calculated using calibration standards. 
Given anions and cations require different configurations, analysis anions were analysed 
using a Dionex DX 100 with an IonPac AS14A 250 x 4 mm column and used an eluent 
solution composing of sodium carbonate (Na2CO3) (8 mM) and sodium bicarbonate 
NaHCO3 (1mM). Cations were analysed using a Dionex LC20 fitted with an IonPac 
CS12A 250 x 4 mm column and used a sulphonic acid solution (1mM) as an eluent. Both 
systems used 5 ml sample volumes, with 25 µl sample injected onto the column using an 
automated sampler (Dionex, USA). 
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A limitation of this IC method is that it will only determine free ionic salts within 
the process waters, which is different to total ions within the process water as some metals 
and heteroatoms maybe ionically bound to the organic carbon. Analysis of nitric acid 
digested process waters using AAS identified a number of cations remain organically 
bound in the process waters. A process water total ion content methodology was 
developed as IC offers the advantage of being able to determine halogens, phosphorus, 
nitrogen and sulphur in addition to metals in the process water, as offered by the nitric 
acid / AAS method. The method developed involved adding a known volume of process 
water (typically 10 ml) to a 50 ml Erlenmeyer flask. The water was then taken to near 
dryness on a hotplate before being cooled. 20 ml hydrogen peroxide (30 % w/w) was then 
added before heating at 150 °C on a laboratory hotplate. A small refluxing funnel was 
placed in the mouth of the flask (see Figure 3.16) to avoid loss of liquid by spurting while 
enabling gas escape, while attempting to retain oxidant through reflux. After digestion 
samples needed to be taken to near dryness to volatilise any residual hydrogen peroxide, 
which could damage the IC column before being made up in deionised water. Residual 
carbon was analysed by TOC (Hach Lange, Germany), however residual carbon was 
detected. With increased digestion time, a white precipitate was achieved however this 
proved to be highly unstable and could spontaneously combust at near dryness. 
Consequently, a total metals by IC method was shelved.   
 
Figure 3.16: Erlenmeyer flask with refluxing funnel 
3.10.3. Organic compounds with process water via High Performance Liquid 
Chromatography  
The organic compounds within the process waters were initially analysed by High 
Pressure Liquid Chromatography (HPLC). HPLC is an analytical technique used to 
separate and quantify components within a mixture by passing a pressurised liquid solvent 
containing the sample mixture through a column filled with a solid adsorbent material. 
Each component in the sample interacts slightly differently with the adsorbent material, 
causing different flow rates for the different components and leading to the separation of 
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the components as they flow out the column. The technique is particularly suitable for 
separation of HTC process waters as the chromatography is not limited to volatile and 
thermally stable samples, which limits GCMS [293]. HPLC is a common technique for 
quantifying organics in HTC process waters; for example Hoekman et al. [29], Reza et 
al. [126] and [302], and Kambo et al. [115].  
HPLC was undertaken using a Dionex Ultimate 3000 (USA) setup, fitted with a 
column oven (Shimadzu CTO-10AC, Japan), ultraviolet detector and a refractive index 
detector (Shodex RI-101, Japan). Size exclusion chromatography (SEC) via gel filtration 
chromatography (GFC) was undertaken to show the size distribution of organic 
compounds present. This was undertaken using a Waters UltrahydroGel (USA) and ultra-
high purity deionised water (Elga, UK) as the mobile phase. The column was heated in 
the column oven to 80 °C and detection was via the refractive index detector. Organic 
acids present were analysed by a Supelco (USA) organic acids column, SupelcoGel 
C610-H with 1% H2PO4 eluent. Detection was via the ultraviolet detector and while 
separation can be done at room temperature the column was heated to 30 °C, as 
temperature within the laboratory tends to fluctuate. Sugar analysis should be possible 
using SupelcoGel C610-H however poor resolution lead to the purchase of a SupelcoGel 
Pb column, more specific to sugars. This column was operated with distilled water eluent, 
heated to 80 °C and detection was via the refractive index detector. The process works in 
the same way as IC with the various columns designed to separate the compounds, with 
the sugar and organic acid column separating based on charge and the size exclusion 
column separating based on molecular size, with the smaller molecules being retained for 
longer because they interact with the gel within the column where larger molecules 
cannot.  
The detector used is dependent on what is being analysed, with the sugars and 
SEC using a refractive index detector (differential refractometer), which detects 
compounds based on the different levels of refraction obtained when the analyte passes 
though the column relative to the solvent. The organic acids column uses a ultra-violet 
(UV) detector, which measured the compounds based on changes in absorbance of UV 
light as the solvent and analyses pass though the detector. Quantification of known 
compounds was possible using a range of calibration standards supplied in organics acids 
kit, carbohydrate kit and in addition 5-hydroxymethylfurfural (5-HMF) and levulinic acid 
standards (Sigma-Aldrich, USA).  
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Issues have however arisen when analysing sugars and organic acids within 
process waters due to interactions between the salts and the column packing which 
separate on charge. To overcome this process waters will be pre-processed though ion-
exchange resins (Dowex® Marathon™ MR-3 hydrogen and hydroxide form) to extract the 
salts, and pH corrected to pH 5 before HPLC. This had partial success, although there 
were fears the ion exchange resin was extracting organics in addition to the inorganics. 
This was later replaced by an inline Bio-Rad deashing cartridge, which combines cation 
and anion exchange resins to remove inorganic salts from the sample, essentially 
purifying any carbohydrate which passes though, removing salt peaks and improving 
resolution [303].  
Even with the inline deashing column, poor detection was still seen. It was unclear 
whether it was as a result of the deashing column changing the pH and thus the elution 
rate or whether the compounds we were searching for were even present. It is 
acknowledged that biomass degradation compounds which contain monomeric sugars 
(mainly glucose and fructose) along with various alditols, aliphatic acids, oligomeric 
sugars, and phenolic glycosides, are very reactive in hydrothermal media [304]. It could 
be possible that the simple sugars being produced via hydrolysis are almost immediately 
undergoing decarboxylation and dehydration to new compounds and consequently are 
not present. The Dionex Ultimate 3000 was not fitted with a mass spectrometer detector, 
so detection of a compound is dependent on the retention time of the analyte within the 
process water, maintaining the same retention time as the calibration standard.  
While effort was taken to best matrix-match the standards, the process waters are 
a complex mixture of organic and inorganic compounds, which vary between samples. 
Analysis via HPLC-MS works by bombarding the eluted compound with electrons 
causing the molecule to fragment in a characteristic and reproducible way. The resulting 
fragmentation pattern can then be used to calculate the eluted compound. Consequently, 
for this work HPLC-MS would be a more appropriate method for organic compound 
determination within the process water, as this method will allow for peak shift brought 
about though interactions between the salts and the column packing and changes to pH 
though deashing. 
More recently work by Hoekman and co-workers have begun to detect organic 
acids and sugars by Ion Chromatography using a method developed by Jaffrezo et al. 
[305] using a Dionex IonPac AS11 column [101, 173, 268, 306]. In addition to organic 
acids the Dionex IonPac AS11 column should resolve acetate and formate, something the 
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IonPac AS14A fitted within the Dionex DX 100 and used for anions, cannot (see Section 
3.10.2). Given the apparent importance of acetate and formate within recycled process 
waters (see Chapter 6 and 7); a Dionex IonPac AS11 column has been fitted into a Dionex 
ICS-900 (Thermo Scientific, USA), however quantification has yet to be undertaken on 
process waters. 
3.10.4. Organic compounds with process water via Gas Chromatography Mass 
Spectroscopy  
While characterization of process waters is typically done using liquid 
chromatography, some groups Baccile, Titirici and co-workers, appear to use Gas 
Chromatography Mass Spectroscopy (GCMS) in their characterisation [301, 307, 308]. 
While GCMS has limitations as the chromatography is limited to volatile and thermally 
stable compounds which limits the compounds detection compared with HPLC; many of 
the key compounds in HTC responsible for char formation; 5-HMF, levulinic acid, 
dihydrohyacetone, acetic acid and formic acid [85, 86, 301, 309] are volatile and will 
need to be thermally stable to survive the hydrothermal reaction. The ability of the 
technique to positively identify the presence of a particular substance through analysis of 
the resulting fragmentation pattern determined by the mass spectrometer is also a major 
advantage over HPLC given the complex matrix of the process water appears to influence 
elution rate.  
GCMS was undertaken using a Shimadzu GCMS QP2010SE (Japan). The system 
works by inputting a sample onto a sample column via an injector. The column is within 
a column oven which has a pre-determined heating regime. The column responsible for 
the separation of the components by interaction between the sample mixture and the 
stationary phase within the column. The pre-determined heating regime of the column 
oven aids the elution rate. The Shimadzu GCMS QP2010SE was setup to use capillary 
columns and for process waters, a Restek RTX-Wax (USA) was used. This column is in 
essence a 30 metre long thin capillary tube with an internal diameter of 0.25 mm and the 
inside coated with a thin coherent film of crossband carbowax polyethylene glycol. The 
RTX-Wax is a highly non-polar column and as such well suited to volatile fatty acid 
(VFA) analysis. Good separation was achieved using a start temperature of 100 °C and a 
heating rate of 15 °C minute-1 to 220 °C, followed by a 10 minute hold at 220 °C.  
Once eluted from the column the carrier gas and eluted compounds enter a high 
vacuum environment in the mass spectrometer; the vacuum is required in order to convert 
molecules into gas phase ions with a lifetime long enough to be measured [293]. The 
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eluted molecules are then bombarded by ions from an ion source in order to ionize the 
sample before entering a quadrupole mass analyser. The quadrupole consists of four 
parallel metal rods set parallel to each other and are responsible for filtering the ions 
generated from the sample. Each opposing rod pair is connected together electrically, and 
a radio frequency (RF) voltage with a DC offset voltage is applied between one pair of 
rods and the other. Ions travel down the quadrupole between the rods and only ions of a 
certain mass-to-charge ratio will reach the detector for a given ratio of voltages: other 
ions have unstable trajectories and will collide with the rods. This permits selection of an 
ion with a particular m/z or allows the operator to scan for a range of m/z-values by 
continuously varying the applied voltage [293]. A schematic of a GCMS is given in 
Figure 3.17. 
 
Figure 3.17. Schematic of a quadrupole gas chromatograph – mass spectrometer 
For GCMS a chromatogram is given, which plots the Total Ion Current (TIC) 
detected by the mass spectrometer. This is sometimes known as Multi Ion Counting 
(MIC). As compounds are eluted into the mass spectrometer they are ionised and this 
changes the TIC. It should be noted that TIC is compound specific. An increase in TIC 
for a specific compound is directly proportional to an increase of that compound but 
double the TIC compared to another compound would not necessarily represent double 
the concentration of the second compound as TIC depends on the fragmentation 
behaviour of the compound. Consequently, to make this method quantitative calibration 
standards for the quantified chemicals are required.  
The technique can positively identify the presence of a particular substance by 
plotting the mass spectrum for a specific point in time (i.e. a TIC peak). The mass 
spectrum consists of an intensity vs. mass-to-charge ratio (m/z) plot, which the Shimadzu 
instrument can then undertake a similarity search against the NIST-11 spectral database, 
107 
 
which is a database of compound specific mass spectrums. The ability to identify 
unknown peaks is a particular advantage given the hydrothermal reaction is a mixture of 
hydrolysis, degradation and hydrogenation reactions and a range of chemicals will be 
generated [84]. An example of this is the presence of valeric acid within the process water, 
which is a product of the hydrogenation of the levulinic acid [271], but is not typically 
reported in hydrothermal literature. 
In an attempt to avoid the use of solvents and liquid-liquid extraction 
identification of the VFA within the process water was initially attempted using a purge 
and trap method. A CDS Analytical 5200 pyroprobe (USA) fitted to the GCMS was 
modified via a Swagelok septum fitted to the pyroprobe interphase. This allowed process 
water to be syringed into the heated interphase, evaporated and the VFA trapped on the 
instrument trap, which is then flashed onto the GCMS. This minimised the volume of 
water injected onto the column. A schematic of the setup is given in Figure 3.18. 
After further reading direct water injection onto the column was developed as 
guidelines stated water could be injected as the column and injector temperatures are 
always above 100 °C to avoid condensation. An injection volume of 1µl is used to avoid 
back flash due to the solvent expanding. Consequently, process waters were directly 
injected via a Shimadzu AOC 20i auto sampler into a slit injector at 280 °C. An injection 
volume of 2 µl was used but with the slit ratio increased to 1:20 as this appeared to give 
better mixing within the injector. This method did not detect sugars such as fructose but 
was capable of detecting sugar derivatives such as furans and 5-HMF.  
Detection of phenols was attempted using a mid-polarity 60 metre Restek RTX-
50 capillary column (50 % phenyl – 50 % methyl polysiloxane). Direct water injection 
was undertaken with a starting column temperature of 100 °C and a heating rate of 8 °C 
minute-1 to 290 °C, followed by a 1.25 minute hold at 290 °C. The analysis however gave 
poorer peak resolution to the RTX-Wax and did not enable identification of additional 
compounds. Consequently the RTX-50 data is not presented in this work. Phenols are 
believed to be present within the water based on protonated NMR analysis but these 




Figure 3.18 Schematic of CDS Analytical 5200 pyroprobe, with septum added. Left 
image represents pyroprobe in trap mode, with the right image purging the trap onto the 
GC. 
3.10.5. Organic compounds with process water via protonated nuclear magnetic 
resonance  
Due to the complex nature of the process waters a qualitative overview of the 
organic compounds present in the process waters was obtained using water corrected 
protonated nuclear magnetic resonance (NMR) using a Bruker AVANCE III HD-400 
(USA). 2 ml of process water was added to 3 ml deuterium oxide sample shaken and then 
analysed. Deuterium oxide is added prior to analysis because labile protons, such as 
alcohols, amines, amides and hydroxyl groups have protons that exchange with other 
labile protons, including water, and bring about no characteristic chemical shift. By 
adding deuterium oxide the liable protons exchange with the deuterium and in the process 
are removed from the spectrum. Therefore, the NMR spectra only shows the narrow C-H 
protons. As water is present, labile peaks exchanging with water will appear at 4.7ppm 
and this is removed from the data by the water suppression program. Peaks were 
identified by developing a reference library using range of pure reference standards at 
known concentrations (Sigma-Aldrich, USA) and cross checked using data provided in 
Pretsch et al. [310] and AIST spectral database. 
3.10.6. Biomethane potential from process water 
AD of the organic compounds within the aqueous phase has been calculated alongside 
some of this work. While the ‘standard’ method for determination is now via chemical 
oxygen demand (COD), this was largely unused at the time of undertaking this work. 
Biological methane production (BMP) by using the Boyle equation was subsequently 
adopted as it had been used by authors including Danso-Boateng et al. [274]. 
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This work also started to explore the potential for hydrogen production as the process 
water chemistry may lend itself better to that process, as discussed in Section 2.6. 
3.10.6.1. Calculation of biomethane and bio-hydrogen production 
The carbon, hydrogen, nitrogen, sulphur and oxygen content of the process water 
was calculated by drying a known volume of process water at 60 °C over a period of 48 
hours to reduce loss of volatile organic compounds. The dried sample analysed using a 
Flash 2000 CHNS analyser (Thermo Scientific, USA) using the methodologies described 
in 3.4. Due to the high inorganic content of the process water calculation of ash by heating 
to 550 °C in a muffle furnace in air was not possible, due to the added weight of the 
incorporated oxygen when the slats are converted to oxides. Inorganics within the water 
were taken as the weight by difference using Equation 3.19. Calculations of potential gas 
yields by methanogenesis have been calculated based on the Boyle Equation (Equation 
3.20) and hydrogen yields via hydrogenesis using Equation 3.21, with a,b,c,d and x,y,z 
being the molar fraction.  
Inorganicsdb=100−Cdb−Hdb−Ndb−Sdb−Odb (3.19) 
CaHbOcNd + ((4a-b-2c+3d)/4) H2O → ((4a+b-2c-3d)/8) CO2 + ((4ab+2c+3d)/8) CH4 + d 
NH3 (3.20) 
CxHyOz + (2x-z) H2O = x CO2 + ((y/2)+(2x-z)) H2 (3.21) 
3.11. Pyrolysis-gas chromatography-mass spectroscopy   
Pyrolysis-gas chromatography-mass spectroscopy (Py-GCMS) is an analytical 
technique whereby a sample is thermally decomposed to produce smaller molecules that 
can be separated and detected by GCMS. The system enables the identification of volatile 
and non-volatile compounds and the way in which the polymer fragments can help 
identify the way that the sample polymer assembled itself. Py-GCMS was undertaken 
using a CDS Analytical 5200 pyroprobe (USA) fitted to a Shimadzu GCMS QP2010SE. 
Separation was done using a 60 meter 0.25 mm RTX-1701 capillary column (Restek, UK) 
which is a cross band 14% cyanopropylphenyl: 86% dimethyl polysiloxane. The column 
was initially heated to 40 °C for 2 minutes before being heated at 10 °C minute-1 to 280 
°C, followed by a 25 minute hold at 280 °C.  
The pyroprobe works by heading a sample within a quartz tube, which is placed 
within a platinum heating coil and heated to the a desired temperature up to 1200 °C at a 
desired heating rate. The CDS Analytical 5200 pyroprobe can directly pyrolyse the 
sample onto the column but is typically operated in trap mode, where by the sample is 
pyrolysed in a flow of helium with the helium flow passed through a Tanax porous 
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polymer absorbent trap which traps the evolved compounds. Once the sample is fully 
pyrolysed the gas flow is switched so helium passing though the polymer absorbent trap 
passes through a transfer line into the gas chromatograph injector port. On switching the 
gas flow the polymer absorbent trap is rapidly heated to 300 °C which releases the trapped 
volatiles into the gas flow and into the gas chromatograph injector. This is demonstrated 
in Figure 3.19. The injector is operated in split mode with a 1:10 bypass and the desorbed 
volatiles are injected onto the GC column and separated accordingly. The advantage of 
operating the pyroprobe in trap mode is it allows for analysis of all the volatile 
components of the analyte at slower heating rates: direct injection tends to favour the 
highly volatile compounds and high heating rates. 
 
Figure 3.19. Pyroprobe schematic, left of image showing filament and sample 
positioning, middle showing gas flow during devolatilisation and right image showing 
gas flow when desorbing the trap.   
When undertaking routine Py-GCMS, samples were analysed in duplicate with a 
pyrolysis temperature of 550 °C using 20 °Cms-1 heating rate. 550 °C was held for 1 
minute at this temperature to fully devolatilise the sample before injection. To avoid 
condensation of volatiles the interphase, transfer line and valve gear on the pyroprobe 
was heated to 300 °C prior to the coil heating the sample. The trap was heated to 50 °C 
when absorbing and 300 °C when desorbing the volatiles. Samplers were prepared by 
taking quartz tubes 25 mm in length and 0.5 mm inner diameter supplied by CDS 
Analytical (USA) (Figure 3.19). The quartz tubes were cleaned in a flame using a Bunsen 
burner prior to the sample being added to remove any residual organic material which 
could contaminate the sample. Quartz wool (CDS Analytical, USA) was then inserted 
into the quartz tube to act as a sample holder and then further heated in the Bunsen burner 
to remove residues found on the fibres before 2-3 mg of sample was added. Another piece 
of heated quartz wool used to cap the top of the tube. 
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The pyrolysis behaviour of the samples were compared with the pyrolysis 
behaviour determined by TGA analysis as discussed in section 3.8. When particular 
changes were observed in the derivative data multistage desorptions were undertaken to 
understand the changes in chemistry. An example is the multistage desorptions at 250 °C, 
400 °C and 600 °C undertaken on the recycled process water samples and the influence 
of retention time samples. In the event that the desorption temperature is below 300 °C 
the interphase temperature is lowered to the thermal desorption / pyrolysis temperature 
(e.g. 250 °C for the 250 °C desorptions). 
3.12. Reactor gas analysis using gas chromatography-thermal conductivity 
detector.    
Post hydrothermal carbonisation, reactor gas was subsequently depressurised into 
a 3 way ball vale (Swagelok, USA) with a gas sampling bag (Saint Gobain, France) fitted 
to the gas outlet port. Gas analysis was undertaken using a Shimadzu GC 2014 gas 
chromatograph (Japan) fitted with a 2 metre molecular sieve 5A 60-80 mesh and a 2 metre 
Hayesep N 100-120 mesh with argon carrier gas and TCD detector. Given the reactor had 
been cleared of air via a vacuum pump, flushed and then filled with argon prior to 
operation, it is generally assumed that gases detected by the GC are gases created during 
the reaction. Blank runs confirm this. Sample delivery was via 250 µl sample loops, which 
the instrument uses to automatically inject the sample onto the column. Sample is 
introduced by attaching the gas sampling bag via the spare outlet valve on the 3 way ball 
valve, attaching a 10 ml luer lock SGE syringe to the inlet port and pumping gas from the 
bag into the loop (see Figure 3.20). The instrument was setup with a 25 ml flow on both 
columns, with the injector set at 80 °C, the column heated at 40 °C and the TCD heated 
to 150 °C. Run time was 5 minutes on the Hayesep followed by 5 minutes on the 
molecular sieve. The instrument was calibrated for hydrogen oxygen, nitrogen, methane, 
carbon monoxide and carbon dioxide using 5 % and 10 % mixes of gas in an argon 
balance. Hydrogen, oxygen, nitrogen, methane and carbon monoxide were analysed using 
the Hayesep while carbon dioxide was analysed using the molecular sieve. It was 
discovered that the columns were susceptible to poisoning from carbon dioxide and 
moisture giving poor separation. Once this was realised regular flushes with an oven 




Figure 3.20, Gasbag configuration 
3.13. Scanning electron microscopy – energy dispersive x-ray 
Scanning electron microscopy (SEM) was used to provide an in depth image of a 
bio-coal particle surface, aiding the understanding of char formation process. In SEM 
imaging a beam of electrons are emitted from an electron gun (cathode) which is focused 
on the sample. The electrons beam is accelerated through a high voltage (in this case 5 or 
15 kV) and pass through a system of electromagnetic lenses to produce a thin beam of 
electrons. The beam then reaches the surface of the sample and either secondary electrons 
(SE) or backscattered electrons (BSE) are released dependent on the analysis type 
selected. When SE is selected the beam hits the sample the electrons are absorbed and its 
own electrons are released which are then detected by a detector which uses the 
information to produce an image. In BSE mode the electrons focused onto the surface are 
reflected back from the sample surface and then detected allowing for the generation of 
the image.  
SEM imaging of the raw fuels and chars were taken using a Carl Zeiss EVO MA15 
SEM (Switzerland) with Oxford Instruments AZtecEnergy Energy Dispersive X-ray 
(EDX) system (UK). Ground samples were mounted onto 10 mm SEM stubs using carbon 
adhesive disks (Agar Scientific, UK) and the excess removed using a dry air duster. To 
prevent accumulation of electrons on the surface generating charge up, the samples were 
covered by a thin layer of carbon was added to prevent accumulation of electrons via a 
Quarumtech Q300 (UK) carbon coater. The samples were then placed onto the sample 
holder stand and installed in the SEM. Once installed the system was placed under 
vacuum and images taken at a range at 5 kV and over a range of magnifications. For the 




3.14. Experimental replication and statistical treatment 
Analyses were routinely carried out using duplicate samples with errors given within this 
thesis calculated as standard errors, using Equation 3.22. In addition to analysing in 
duplicate, figures obtained by TOC and ICP analysis are based on multiple sample 
injections until a maximum standard deviation of ± 2% is achieved. For colorimetric 
analysis, duplicate samples were analysed and for each sample a minimum of three 
separate readings were taken to determine the abortion of the solution, with the absorption 
taken as the mean figure. An estimation of the error on the routine quantitative analyses 
is given in Table 3.4. 
Standard error = Standard deviation / ( √number of samples) (3.22) 
 
Table 3.4: Repeatability and expected error within analyses  
Analysis Typical Data Range Source(s) of error 
Repeatability and 
Error 
HTC Yield 80-20wt% moisture correction ±0.2wt% 
Moisture Content 60-40% and >5% appropriate sampling >0.2wt% 
Volatile Carbon 80-20wt% measurement error ±0.5wt% 
Fixed Carbon 60-10wt% measurement error ±0.5wt% 






H 4-7wt% ±0.3wt% 
N 5-0.5wt% ±0.1wt% 
S 1->0.1wt% >0.1wt% 
Oxygen 40-10wt% measurement error/ capsule preparation ±0.3wt% 
XRF 
P 8000-400mg/kg 
ashing and sample 
preparation 
±5% 
Si 10,000-100mg/kg ±5% 
Fe 200-50mg/kg ±5% 
Mn >50mg/kg ±5% 
Mg 600-200mg/kg ±5% 
Ca 10000-600mg/kg ±5% 
AAS Na 600-200mg/kg rinsing error and complete digestion 
±2% 
K 5000-400mg/kg ±2% 
Colorimetry Si 10,000-100mg/kg sensitivity of analysis ±200mg/kg 
P 8000-400mg/kg analyte preparation ±5% 





4. Fate of inorganic material during hydrothermal carbonisation of biomass: influence 
of feedstock on combustion 
Work presented within this chapter is an abridged version of work presented in 
the Journal Fuel, for the unabridged version or to cite please use: Aidan M. Smith, Surjit 
Singh, and Andrew B. Ross. "Fate of inorganic material during hydrothermal 
carbonisation of biomass: influence of feedstock on combustion behaviour of hydrochar." 
Fuel 169 (2016): 135-145. 
4.1. Abstract 
A series of high moisture content biomass have been processed by hydrothermal 
carbonisation (HTC) in a batch reactor at two temperatures (200 °C and 250 °C). The 
feedstocks processed include food waste, secondary sewage sludge, AD press cake, 
microalgae, macroalgae and a fibre derived from municipal derived wastes. In addition, 
three lignocellulosic biomass including Miscanthus, willow and oak wood have been 
processed under identical conditions. The yields and properties of the resulting bio-coals 
including their HHV, CHNS, mineral content and ash fusibility properties have been 
determined and compared with their starting biomass. Typical char yields for 
lingocellulosic material range between 58-70 wt% at 200 °C and reduce to 40-46 wt% at 
250 °C. The behaviour and mass balance is however very feedstock dependent and the 
higher lignin biomass produce higher yields of bio-coal. There is a significant upgrading 
of the energy density of the bio-coals with calculated HHV ranging from typically 24 
MJkg-1 at 200 °C to 28-31 MJkg-1 at 250 °C for lignocellulosic material. The exception 
is for sewage sludge and AD press cake which result in a significant solubilisation of 
organic matter. A significant removal of alkali metals is observed and this in turn changes 
the ash chemistry. This change in ash chemistry has been shown to change the ash melting 
behaviour and the hemisphere temperatures (oxidizing conditions) were seen to increase 
substantially. A number of predictive slagging and fouling indices have been used to 
evaluate the influence of the ash chemistry on the fuel combustion behaviour and this 
combined with the ash fusion testing has shown that HTC reduces the potential fouling 
and slagging in some of the resulting bio-coal if combusted.  
4.2. Introduction 
As discussed in Chapter 2, when undertaking this project there had been limited 
research into the fate of inorganic material in the biomass during HTC. This is perhaps 
surprising given inorganics are a particular issue for biomass during combustion, 
pyrolysis and gasification as large amounts of alkali and alkaline metals, particularly 
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potassium and sodium, along with sulphur and chlorine influence ash chemistry and 
influence the behaviours of the fuel in terms of its tendency to corrode equipment and 
cause slagging and fouling [39]. Demineralization of the fuel through dissolution of these 
alkali salts into the process water during HTC could potentially remove a large fraction 
of the fuel mineral content thereby reducing the above mentioned ash problems. 
Previous work by Saddawi et al. [43] and others have demonstrated that simple 
washing of biomass in distilled water (at room temperature and pressure) can remove 
simple ionic salts such as alkali earth chlorides which dissolve easily. During HTC the 
subcritical water used has a lower density and viscosity than that of water under normal 
conditions [255] and as such removal of simple ionic salts within the biomass matrix can 
be enhanced. The increased dielectric content [256], increased ionic dissociation constant 
[257] and lower pH [11] of the subcritical water could also aid the removal of ionic 
bonded inorganics though ion exchange and dissolve the inorganic salts, thus removing 
ionic bonded inorganics from the biomass structure. The modification of the biomass 
structure during HTC will also further aid the removal of the inorganic elements.  
When undertaking this work, only Reza et al. [76] had investigated the fate of 
inorganics during HTC, investigating Miscanthus, corn stover, switch grass and rice hull. 
The results showed reductions in the amount of calcium, sulphur, phosphorus, magnesium 
and potassium in the original biomass when the biomass is processed under hydrothermal 
conditions at 200° C, 230° C and 260° C. Removal of silicon appears limited at 200° C 
and 230° C although there was some indication that silicon content starts to decrease when 
the lignin starts to degrade at 260° C. It should be noted that despite a decrease in the 
inorganic content relative to the starting biomass, the overall concentration of inorganics 
within the char can increase.    
As an initial scoping exercise to determine the behaviour of inorganics during 
HTC, this chapter has investigated a range of different feedstock. These feedstock include 
wet biomass wastes such as food waste, anaerobic digestion (AD) press cake, sewage 
sludge, fibre derived from organically separated municipal wastes and greenhouse waste, 
a number of terrestrial biomass such as Miscanthus, oak and willow and the aquatic 
biomass: microalgae and macroalgae. The feedstock investigated have a diverse 
biochemical composition and wide ranging levels of inorganics. This work seeks to 
understand the fate of inorganic material, the production of high energy density bio-fuels, 
and the prediction of the slagging and fouling behaviour during combustion. 
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4.3. Methodology  
4.3.1. Materials 
Samples of willow, Miscanthus, oak, greenhouse waste, food waste, secondary 
sewage sludge, AD press cake, macroalgae (Laminaria Hyperborea), microalgae 
(Chlorella spp.) and fibre derived from municipal waste were used in this investigation. 
The sample sizes ranged from 1x1 cm to 2x1 cm cuttings for willow and oak, 1x1 cm 
cuttings for Miscanthus, macroalgae, food waste and greenhouse waste, 600-1200 µm for 
municipal solid waste derived fibre, sewage sludge and AD press cake and a freeze died 
powder for microalgae. Samples were air dried before treatment and used as received for 
HTC on the assumption that in an industrial process, HTC would be conducted on chipped 
fuels to avoid energy-intensive size reduction prior to processing, taking advantage of the 
improved grindability. For the quantification work a portion of each sample is ground to 
a size meeting the test requirement.  
4.3.2. Hydrothermal carbonisation 
HTC was performed in a 600 ml Parr bench top reactor (Parr, USA) at 200 °C and 
250 °C at their isobaric pressures of 16 bar and 40 bar respectfully. The temperature of 
the reactor was controlled by a PID controller. For each run, 24 g of biomass and 220 ml 
of distilled water was loaded into the reactor giving 10 % solids loading. The reactor was 
then heated to the desired temperature at approximately 8 °C minute-1 and the reaction 
temperature held for one hour. After one hour the reactor was allowed to air cool. When 
cooled, the gas product was released to the atmosphere and the solid and liquid products 
separated by filtration under gravity using 150 mm qualitative circles (Whatman, UK). 
The sample was not washed in water or organic solvent. The bio-coal was allowed to air 
dry in a ventilated fume cupboard for a minimum of 48 hours.   
4.3.3. Analysis 
4.3.3.1.Inorganic analysis 
The bio-coal and raw biomass were air dried and homogenised as described in 
Section 3.1.2 on sampling and Section 3.1.3 on milling. To determine the inorganic 
elemental composition (excluding silicon) samples were microwave digested (Aston Parr, 
USA), as described in section 3.6.1, with 200 mg of sample in 10 ml concentrated nitric 
acid (HNO3). Potassium, sodium, calcium, magnesium and iron were determined by AAS 
(Valiant, USA), as described in Section 3.6.3; phosphorus and silicon determined using 
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calorimetry based methods, as described in Section 3.6.4 and Section 3.6.5 respectively.  
Heavy metals determined by ICP-MS (Perkin Elmer, USA) as described in Section 3.6.2. 
The AAS colorimetric methods were calibrated using standard elemental stock solution 
(Spectrosol, UK) and two certified biomass reference materials (Elemental 
Microanalysis, UK) were used to check the calibration and extraction efficiency.  
4.3.3.2.Organic analysis and ash measurement 
Carbon, hydrogen, nitrogen and sulphur content of the raw biomass and bio-coal 
was analysed using a Flash 1112 CHNS analyser (CE Instruments, USA) using the 
methodology described in Section 3.4.1. The carbon, hydrogen and sulphur was corrected 
for moisture using Equation 3.5 and hydrogen corrected using Equation 3.6, in 
accordance with ASTM D3180-15. The instrument was calibrated and checked using 
calibration standards and certified biomass reference materials (Elemental Microanalysis, 
UK). Ash content within the raw biomass and bio-coal was calculated in accordance with 
BS EN ISO 18122:2015 using a muffle furnace as described in Section 3.3.2. Oxygen 
content of the biomass was calculated by difference using Equation 3.7 and higher heating 
value (HHV) subsequently calculated by Dulong’s equation (see Equation 3.11). 
Moisture content was determined in accordance with BS EN ISO 13134-1: 2015 using a 
moisture oven (Carbolite, UK) as described in Section 3.3.1, with values corrected to a 
dry basis in accordance with ASTM D3180-15. 
4.3.3.3.Prediction of slagging and fouling behaviour  
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace in accordance with the standard method for the determination of ash melting 
behaviour (DD CEN/TS 15370-1:2006) using the methodology described in Section 
3.7.1. In addition, various slagging and fouling indices have been utilised with their 
equations 1-6 in Table 3.3. Their underlying theory and calculation methodologies given 
in Section 3.7.2. 
4.4. Results and discussion 
4.4.1. Hydrothermal carbonisation yields 
The mass yields of the HTC bio-coals shown in Figure 4.1 are both feedstock and 
temperature dependant. The yields for the lignocellulosic biomass range between 58 % 
and 70 % at the lower process temperature (200 °C) and between 40 % and 46 % for the 
higher process temperature (250 °C). Greenhouse waste, which in this case is largely 
Paprika waste from Almaria, Spain produces similar yields to lignocellulosics with 59 % 
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and 46 % respectfully. The food waste has a different biochemical composition to that of 
lignocellulosic material, mainly comprising of protein, carbohydrate and lipid, and has 
lower yields for both high and low temperature HTC, with 40 % and 44 % respectfully. 
The smaller difference between the two treatments is linked to the different biochemical 
content of food waste. The results for the macroalgae and the microalgae, which have a 
similar biochemical content to the food waste, exhibit a greater reduction in yield 
compared with food waste with 56 % and 36 % for the macroalgae and 43 % and 28 % 
for the microalgae at 200 °C and 250 °C respectfully. These yields are significantly lower 
than for the lignocellulosic based biomasses for both the lower and higher temperature 
treatments, indicating biochemical composition is an important variable influencing the 
yield of bio-coal.  
 
Figure 4.1: Bio-coal mass yields under hydrothermal conditions at 200° C and 250° C 
respectfully. 
For the AD press cake, sewage sludge and to a lesser extent the municipal solid 
waste (MSW) the high yields are misleading due to the high ash content within the bio-
coals. The reduction in yield between the lower and higher temperature treatments for the 
AD press cake appears to be mostly due to a decrease in the inorganic fraction (ash) within 
the bio-coal as opposed to greater degradation of the organic fraction. The HTC of AD 
press cake results in a significant solubilisation of the organic content into the process 
water. For sewage sludge, the resultant reduction in yield between 200 and 250° C is due 
to a combination of both degradation of the organic fraction and removal of the inorganic 
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fraction. For the MSW, the difference is largely due to degradation of the organic fraction 
of the bio-coal.  
A decrease in ash relative to the starting biomass was observed in all samples, 
except the MSW which showed little change, however some caution is needed as the 
overall concentration of ash within the char can increase. The ash contents of the bio-
coals are given in Table 4.1. 
The decrease in yields between the lower and higher temperature treatments is 
believed to be primarily due to degradation of different biochemical components at the 
higher temperature. For lignocellulose based biomass, the significant degradation of 
cellulose occurring above 210° C [311] explains the higher mass yields at 200°C, with 
the yield decreasing between 200° C and 250° C due to degradation of the cellulose and 
to a lesser extent lignin, which begins to degrade between 220° C and 260° C [28, 75, 
76]. Increasing the temperature from 200° C to 250° C also increases the pressure from 
16 bar to 40 bar, which can exert an influence on the reaction equilibrium. Although this 
effect has been experimentally shown, it is thought to have a small impact during the HTC 
process [11].  
4.4.2. Ultimate Analysis 
The ultimate analysis of the feedstock and bio-coals produced at 200° C and 250° 
C are listed in Table 4.1. The ultimate analysis (CHNS) shows an increase in the carbon 
content (% db) for the bio-coals at 200° C and 250° C compared to the raw feedstock for 
all samples except sewage sludge (Table 4.1). Increased temperatures have been shown 
to favour higher carbon content, with carbon content increasing in all bio-coals when 
calculated on a dry ash free basis. Higher HHV is also observed with an increase in 
temperature. The exception to the rule is the processing of sewage sludge and AD press 
cake which result in lower HHV due to the large solubilisation of carbon proportional to 
the ash, although there are still significant increases in carbon density within the organic 
fraction for both feedstock when calculated on a dry ash free basis. The oxygen content 
determined by difference showed a significant reduction in all the bio-coals although the 
oxygen content of the sewage sludge and AD press cake samples maybe underestimated 
due to the high ash content.  
The decreased oxygen content is due mainly to decarboxylation and dehydration 
reactions during HTC. Decarboxylation degrades the carboxyl (-COOH) and carbonyl 
groups (C=O), forming CO2 and CO respectively. Dehydration removes hydroxyl groups 
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(-OH) from the feedstock leading to less hydrophilic functional groups. Both reactions 
can therefore reduce the oxygen content significantly in turn upgrading the energy 
density. Oxygen loss is of great importance, as its reduction increases the energy content 
(HHV) of the bio-coals. The reaction temperature also has a clear influence on the 
reducing oxygen content and increasing carbon content of the bio-coals. 250° C bio-coals 
contain higher carbon contents when compared to 200° C bio-coals (Table 4.1). This trend 
is further supported by the yields of bio-coal shown in Figure 4.1.  Lower yields of bio-
coal obtained at 250° C indicate that the decarboxylation and dehydration reactions are 
more favourable, with significant reductions in the level of oxygen at the higher 
temperature.  
The increase in temperature also has a marked influence on the HHV of the 
respective bio-coals. The HHV is generally higher for bio-coals produced at 250°C. As 
discussed previously the extent of decarboxylation and dehydration is temperature 
dependent. High temperatures further concentrate the carbon, this coupled with a reduced 
oxygen content increase the HHV (Table 4.1). While higher temperatures are associated 
with lower yields, due to a greater amount of organic material undergoing decomposition, 
the enhanced removal of oxygen offsets this loss in energy terms of energy yield. 
However the energy yield at 200°C can be higher than bio-coals produced at 250°C due 
to the higher mass yields obtained at 200°C. 
The O/C ratio and the H/C ratio of the bio-coals exhibit lower values when 
compared to the initial feedstock (Table 4.1). This will make the fuel more favourable as 
generally a fuel with low H/C and O/C ratios have reduced energy losses due to smoke 
and water vapour during the combustion process [265].  The reduction in the O/C and 
H/C ratios are a result of removal of CO2 and H2O indicating that the bio-coals possess a 
greater coal like behaviour than the feedstock. This agrees with the literature, which 
suggests that under hydrothermal conditions biomass undergoes removal of hydroxyl 
groups through dehydration, removal of carboxyl and carbonyl groups though 
decarboxylation, cleavage of ester and ether bonds through hydrolysis and for 
lignocellulose based biomass, increased aromatisation from the dehydration of lignin and 








Table 4.1: Ultimate analysis results for feedstock and bio-coals 
Feedstock  
% C % H % N %S % O HHV % Ash H/C O/C Energy  
(db) (db) (db) (db) (db) (MJ/kg db) (db) (daf) (daf) 
Yield 
(%) 
Willow  45.3±0.2 6.2±0.3 0.5±0.0 0.1±0.0 43.8 16.4 4.1 1.64 0.73 - 
HTC 200  58.9±0.6 7.2±0.1 1.4±0.0 0.2±0.0 29.0 25.0 3.5 1.47 0.37 92.0 
HTC 250  70.4±0.0 5.3±0.1 1.3±0.0 0.1±0.0 20.2 27.8 2.7 0.90 0.22 44.7 
Miscanthus  46.0±0.0 5.7±0.1 0.5±0.0 0.1±0.0 42.8 16.1 4.9 1.49 0.70 - 
HTC 200  61.1±0.6 6.2±0.1 0.8±0.0 0.1±0.0 28.3 24.5 3.5 1.22 0.35 88.0 
HTC 250  71.0±0.6 7.9±0.0 1.1±0.0 0.2±0.0 17.5 32.1 2.3 1.34 0.18 58.5 
Oak Wood 43.4±0.5 5.9±0.1 0.3±0.1 0.1±0.1 42.9 15.4 7.4 1.63 0.74 - 
HTC 200 55.0±0.1 4.6±0.1 1.0±0.0 0.0±0.0 32.7 19.3 6.7 1.00 0.45 88.1 
HTC 250 72.2±0.6 6.6±0.0 2.2±0.0 0.2±0.0 15.2 31.1 3.6 1.10 0.16 71.8 
Greenhouse waste 45.7±2.6 6.7±0.3 1.1±0.5 0.2±0.0 36.4 18.5 9.9 1.76 0.60 - 
HTC 200  59.6±0.1 6.3±0.1 1.9±0.0 0.0±0.0 26.5 24.4 5.7 1.27 0.33 77.8 
HTC 250  68.5±0.1 6.1±0.1 3.6±0.0 0.2±0.0 17.4 28.8 4.2 1.07 0.19 54.3 
Foodwaste  46.7±0.4 7.6±0.2 2.9±0.0 0.1±0.1 28.0 21.6 7.1 1.95 0.45 - 
HTC 200  54.8±1.1 7.0±0.2 1.1±0.1 0.2±0.0 24.1 24.2 12.9 1.53 0.33 49.3 





Table 4.1: Ultimate analysis results for feedstock and bio-coals continued… 
Feedstock  
% C % H % N %S % O HHV % Ash H/C O/C Energy 
(db) (db) (db) (db) (db) (MJ/kg db) (db) (daf) (daf) 
Yield 
(%) 
AD press cake  17.8±1.3 2.3±0.1 0.3±0.0 0.0±0.1 12.1 8.8 63.9 1.55 0.62 - 
HTC 200  14.0±0.4 1.4±0.2 0.5±0.0 0.1±0.1 9.3 9.1 74.8 1.20 0.50 25.7 
HTC 250  22.5±0.1 1.8±0.0 0.7±0.0 0.0±0.0 7.1 7.7 72.2 0.23 0.33 30.0 
Municipal wastes  38.8±0.5 5.8±0.1 1.3±0.0 0.0±0.0 19.8 17.9 28.3 1.79 0.38 - 
HTC 200  38.8±0.1 5.2±0.1 1.1±0.0 0.1±0.0 36.3 14.1 18.6 1.61 0.70 57.7 
HTC 250  50.0±0.2 6.3±0.1 2.7±0.0 0.1±0.0 7.2 24.6 33.7 1.51 0.11 56.9 
Sewage sludge  13.1±0.4 3.7±0.2 4.1±0.1 2.4±0.0 13.7 7.3 63.0 3.38 0.78 - 
HTC 200  13.2±0.4 1.8±0.1 1.1±0.0 0.1±0.0 5.2 6.0 78.7 1.61 0.29 61.4 
HTC 250  11.6±0.4 1.3±0.2 0.9±0.0 0.1±0.1 4.6 5.0 81.5 1.37 0.30 52.8 
Macroalgae  31.6±0.1 5.2±0.0 2.8±0.0 4.5±0.0 35.3 11.8 20.6 1.97 0.84 - 
HTC 200  48.2±0.2 4.7±0.2 2.3±0.0 0.1±0.1 34.5 16.8 10.2 1.17 0.54 79.6 
HTC 250  59.5±1.7 5.4±0.3 5.9±0.1 0.1±0.0 20.5 24.6 
 
8.6 1.09 0.26 52.9 
Microalgae  48.4±0.3 7.2±0.1 7.8±0.1 0.3±0.0 27.1 21.8 9.2 1.79 0.42 - 
HTC 200  58.0±0.3 7.0±0.0 5.3±0.0 0.0±0.0 20.8 25.8 8.8 1.44 0.27 51.1 
HTC 250  62.1±0.1 6.8±0.1 4.8±0.0 0.0±0.0 17.9 27.5 8.4 1.32 0.22 29.2 
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4.4.3. Influence of HTC on bio-coal ash chemistry  
Table 4.1 shows the ash content of the raw biomass and the resultant bio-coal on 
a dry basis. The results have shown that for the lignocellulosic materials and algae, 
increasing temperature results in a decrease in ash content, while for the organic wastes 
the reverse is true. Figure 4.1 shows the net removal of ash between the 200 °C and 250 
°C bio-coals, implying that under hydrothermal conditions a proportion of ash is removed, 
with a greater proportion with increasing reaction severity. The reason ash decreases in 
some bio-coals but increases in others is due to the feedstock specific ash chemistry, with 
the lignocellulosics having a greater proportion of the inorganic material extracted than 
organic material. Organic wastes have a greater proportion of the organic material 
removed, thus even though inorganic material is removed, it can still become increasingly 
concentrated within the bio-coal.  
The inorganic concentrations (wt%) within the biomass and the resultant bio-coals 
also appear to be both element and feedstock dependent. Samples with higher silicon and 
iron contents appear to result in an increasingly high concentration of ash within the bio-
coal, while those without high silicon and iron have a decreasing concentration of ash 
within the bio-coal. The major ash forming elements within bio-coals and feedstock are 
given in Table 4.2 and the net percentage of metal remaining within the bio-coal for 
potassium, sodium, calcium, magnesium and phosphorus is given in Table 4.3. The net 
percentage of metal remaining within the bio-coal is calculated based on the ratio of the 
weight percentage inorganic content of the bio-coal with that of the raw feedstock 
multiplied by the mass yield at the given temperature. The percentage metal extracted is 
simply calculated by subtracting the percentage of original metal left within the bio-coal 
from 100. 
Of the main inorganics investigated, potassium and sodium show the greatest 
percentage reduction, which is consistent with the leaching experiments undertaken in 
Saddawi et al. [43]. For potassium, excluding sewage sludge, between 84 % and 97 % of 
the potassium in the raw biomass was extracted at 250 °C. For HTC at 200 °C removal 
of potassium was less at between 60 % and 93 %. Sewage sludge had a reduction of 
approximately 50 % K for both the 200 and 250 °C hydrothermal treatments. This smaller 
reduction when compared to the other feedstock could be due to the chemical form in 
which the potassium exists. The potassium reduction is consistent with Reza et al. [76], 
which reported reductions in potassium ranging between 80 % and 90 % under 
hydrothermal conditions at 200, 230 and 260 °C, processing Miscanthus, albeit ground to 
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between 600 and 1180 µm. In Saddawi et al. [43], a washing procedure was used at 
ambient temperature involving water followed by ammonium acetate and hydrochloric 
acid, gave a potassium reduction of 46 % and 62 % for willow and Miscanthus from the 
starting biomass using similar sized fuel to this investigation. 
Table 4.2 Major ash forming elements within bio-coals and feedstock 
Feedstock  
Na Mg P K Ca Fe Si S 
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) 
Willow  0.01 0.12 0.05 0.28 0.20 0.01 0.03 0.10 
HTC 200  0.01 0.05 0.02 0.07 0.11 0.01 0.01 0.16 
HTC 250  0.01 0.11 0.08 0.11 0.24 0.01 0.02 0.10 
Miscanthus  0.02 0.06 0.02 0.17 0.20 0.01 2.10 0.10 
HTC 200  0.01 0.04 0.02 0.08 0.09 0.01 2.81 0.10 
HTC 250  0.01 0.04 0.01 0.05 0.05 0.01 2.91 0.21 
Oak Wood 0.01 0.08 0.02 0.16 2.37 0.01 0.02 0.02 
HTC 200 0.01 0.06 0.01 0.07 3.25 0.01 0.08 0.01 
HTC 250 0.01 0.07 0.03 0.06 2.67 0.02  0.21 
Greenhouse waste 0.04 0.81 0.08 4.03 1.58 0.01 0.20 0.24 
HTC 200  0.03 0.57 0.06 2.58 2.44 0.02 0.15 0.02 
HTC 250  0.02 0.61 0.16 0.51 1.34 0.08 0.10 0.19 
Foodwaste  0.73 0.11 0.12 0.76 1.58 0.04 0.50 0.09 
HTC 200  0.11 0.07 0.15 0.12 0.85 0.22 1.37 0.15 
HTC 250  0.07 0.18 0.26 0.05 2.78 0.13 1.19 0.15 
AD press cake  0.19 0.59 0.17 0.87 1.92 0.82 52.70 0.00 
HTC 200  0.04 0.50 0.14 0.35 1.56 0.88  0.00 
HTC 250  0.03 0.93 0.18 0.22 2.18 0.96 47.22 0.00 
Municipal wastes  0.54 0.54 0.09 0.53 3.84 0.60 10.19 0.50 
HTC 200  0.19 0.50 0.09 0.26 3.34 0.57 7.69 0.10 
HTC 250  0.05 0.88 0.17 0.15 2.45 0.86 15.92 0.11 
Sewage sludge  0.10 0.65 0.28 0.89 1.73 3.33 33.24 2.42 
HTC 200  0.04 0.81 0.35 0.64 2.28 4.14 48.17 2.86 
HTC 250  0.04 0.86 0.23 0.69 2.26 4.29 42.21  
Macroalgae  2.44 0.72 0.08 4.38 0.73 0.01 0.16 4.51 
HTC 200  1.06 0.48 0.11 1.91 0.96 0.03 0.13 3.95 
HTC 250  0.91 0.81 0.19 1.63 1.46 0.04 0.10 2.96 
Microalgae  0.31 0.45 0.44 0.50 0.76 0.03 0.34 3.03 
HTC 200  0.10 0.70 0.41 0.16 1.53 0.06 0.31 3.09 





Table 4.3: The percentage of potassium, sodium, calcium, magnesium and phosphorus 
remaining within the bio-coal after hydrothermal processing 
Feedstock  
Na Mg P K Ca 
(%) (%) (%) (%) (%) 
Willow  100 100 100 100 100 
HTC 200  54 25 28 16 34 
HTC 250  36 36 59 16 49 
Miscanthus  100 100 100 100 100 
HTC 200  26 41 50 29 28 
HTC 250  21 31 30 12 11 
Oak Wood 100 100 100 100 100 
HTC 200 54 50 57 31 97 
HTC 250 30 37 82 16 52 
Greenhouse waste 100 100 100 100 100 
HTC 200  48 44 41 40 91 
HTC 250  22 26 67 4 30 
Foodwaste  100 100 100 100 100 
HTC 200  7 29 53 7 14 
HTC 250  4 64 85 3 42 
AD press cake  100 100 100 100 100 
HTC 200  14 49 52 24 51 
HTC 250  7 76 56 12 58 
Municipal wastes  100 100 100 100 100 
HTC 200  26 67 71 36 64 
HTC 250  3 67 77 12 26 
Sewage sludge  100 100 100 100 100 
HTC 200  29 92 92 53 97 
HTC 250  26 83 53 50 83 
Macroalgae  100 100 100 100 100 
HTC 200  24 37 76 24 73 
HTC 250  13 41 88 13 71 
Microalgae  100 100 100 100 100 
HTC 200  14 67 40 14 86 
HTC 250  5 60 24 4 63 
Removal of sodium was observed for all samples, with the higher temperature 
associated with a greater reduction, although the percentage reduction appeared largely 
dependent on the sodium content of the starting biomass. For willow, Miscanthus and 
oak, reductions of between 46 % and 74 % were observed at 200 °C and reductions of 
between 64 % and 79 % were observed at 250 °C. The sodium content of the 
lignocellulosic material is however low in comparison to the other feedstock. Higher 
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sodium containing feedstock, such as AD press cake, food waste, municipal solid wastes, 
microalgae and macroalgae resulted in far greater sodium removal with between 74 % 
and 93 % removal at 200 °C and between 87 and 97 % removal at 250 °C. In comparison 
Saddawi et al. [43] reported a 30 % removal of sodium from willow and a 53 % reduction 
in sodium from Miscanthus after water washing. Reza et al. [76] reported reductions in 
sodium ranging between 31 and 40 % under hydrothermal conditions at 200, 230 and 260 
°C, processing ground Miscanthus. The sodium content within the Miscanthus used in 
this investigation was similar to that in Saddawi et al. [43], 177 mg/kg and 192 mg/kg 
respectfully. The sodium content within Reza et al. [76] was 1451 mg/kg. 
While all the bio-coals have a lower sodium and potassium content than the 
starting material, the alkaline metals magnesium and calcium along with phosphorus 
undergo more limited metal removal. For willow, all three metals are decreased at 200 °C 
but there is a smaller reduction at 250 °C. For willow, the magnesium, calcium and 
phosphorus concentration within the bio-coals is lower than that of the starting biomass 
but the magnesium, calcium and phosphorus reduction at 250 °C is almost proportional 
to the reduction in the organic fraction. The net removal of magnesium, calcium and 
phosphorus is also less at 250 °C. This phenomenon is common for the differing 
feedstock, with only Miscanthus, sewage sludge and microalgae having greater removal 
at 250 °C than 200 °C for magnesium, calcium and phosphorus. This reduced inorganics 
removal efficiency is also evident within the results for Reza et al. [76] which showed the 
inorganic element yields for Miscanthus were substantially lower at 260 °C compared 
with 200 °C for all elements investigated other than silicon.  
The reason behind this decrease in metal extraction at higher temperatures could 
be due to increasing surface functionality of the bio-coals generated at higher 
temperatures reabsorbing metals from the process waters. It is known that the large 
number of carboxylic groups on the bio-coal surface can theoretically increase the cation 
exchange capacity (CEC) of the bio-coal [28]. The increased retention of cations could 
be due to increasing CEC of 250 °C bio-coals. The reduction may also be as a result of 
reduced extraction efficiency due to an increased build-up of hydrolysis derived products 
on the outer surface of the biomass macro-molecule at the higher temperature, as is 
hypothesised in Mosteiro-Romero et al. [98], reducing the extraction efficiency of the 
lower solubility salts. Finally there is also evidence that cations can play a role in 
polymerisation, with studies into the HTC of alginate (structural compound in seaweed) 
finding that divalent cations, such as calcium and magnesium promote cross linking of 
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alginates oligomers during char formation [147]. It could be that under the more severe 
conditions these metals are reincorporated into the bio-coal by this mechanism.  
Calcium extraction appears most efficient in Miscanthus with 72 % removed at 
200 °C and 89 % removed at 250 °C. Calcium extraction for Miscanthus in Reza et al. 
[76] was 88 % at 200 °C and 84 % removed at 260 °C. In contrast Saddawi et al. [43] 
extracted 19 % of the calcium using their water washing technique. In this investigation 
66 % of the calcium from willow was removed at 200 °C and 51 % removed at 250 °C, 
while Saddawi et al. [43] extracted 3 % of the calcium though biomass washing. For the 
remaining feedstock investigated calcium varied as shown in Table 4.3 and this resulted 
in an increase in the calcium content in some of the bio-coals. 
Magnesium extraction was most efficient for willow with 75 % extracted at 200 
°C and 64 % removed at 250 °C; Miscanthus extraction was 60 % and 69 % respectfully. 
Reza et al. [76] extracted 88 % magnesium from Miscanthus at 200 and 250 °C. Saddawi 
et al. [43] extracted 14 % magnesium from willow and 56 % magnesium from Miscanthus 
using biomass washing. For the remaining feedstock in this study (excluding sewage 
sludge) between 33 % and 71 % magnesium was extracted at 200 °C and between 33 % 
and 67 % magnesium was extracted at 250 °C. For the lignocellulosic biomass and 
greenhouse wastes a net reduction in magnesium within the char was observed while for 
the remaining feedstock, magnesium became more concentrated within the char. 
Phosphorus extraction followed similar trends to that of calcium and magnesium 
with the highest extractions associated with willow, Miscanthus and microalgae. 
Phosphorus extraction for willow was 72 % and 68 %; Miscanthus was 50 % and 70 %; 
and microalgae 60 % and 76 % for 200 °C and 250 °C respectively. Reza et al. [76] 
extracted 90 % phosphorus from Miscanthus at 200 °C and 58 % at 250 °C. Saddawi et 
al. [43] extracted 56 % phosphorus from willow and 49 % magnesium from phosphorus 
using biomass washing. 
For most biomass materials, the major element speciation can be divided into 
three categories: (i) water soluble ionic salts, (ii) organically associated metals ionic or 
covalently bonded with tissue, and (iii) amorphous, crystalline or pure precipitated 
compounds [37, 38]. Most of the sodium and potassium within the biomass is in the form 
of ionic salts (>90%) such as sodium nitrate, sodium chloride, potassium nitrate and 
potassium chloride. For magnesium, between 60 and 90 % is in the form of ionic salts 
comprising of magnesium nitrate, chloride and phosphate, with a large proportion of the 
remainder being organically associated with chlorophyll and the biomass macromolecule. 
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For calcium, between 20 and 60 % is in the form of nitrate, chloride and phosphate ionic 
salts; a small proportion is incorporated into the biomass macromolecule, and the 
remainder is in the form of amorphous or crystalline compounds. Phosphorus occurs in 
both its ionic form and organically associated in protein, phospholipids and nucleic acids 
[37, 38]. The type of compound in which the metal is associated within the biomass is 
likely to strongly influence the extraction efficiency during HTC.  A large proportion of 
potassium and sodium within the biomass is in the form of soluble ionic salts and this 
corresponds to a larger extraction of these metals. The magnesium, calcium and 
phosphorus is less easily extracted and corresponds to its association with organic matter 
in the biomass.   
Limited leaching of silicon, titanium, iron and aluminium have been reported 
under hydrothermal conditions in Reza et al. [76] and several biomass washing 
experiments [205, 264, 312] using finely ground biomass. This is due to their very low 
solubility [205] and for the larger particle size used in these experiments it is assumed 
that there was only limited removal. 
4.4.4. Influence of HTC on ash behaviour during combustion 
The concentrations of the major ash forming elements within biofuels are listed 
in Table 4.2 and it is the behaviour of these elements within the ash, which brings about 
issues with slagging, fouling and corrosion, as discussed in Section 2.5. 
The temperature at which the ash melts and fuses is strongly influenced by the 
alkali and alkaline metals which act as a flux for alumina-silicate ash [39]. Generally 
speaking calcium and magnesium increase the melting temperatures of ashes while 
potassium and sodium decrease it, although due to complex interactions between 
potassium, chlorine, sulphur, silicon and calcium each element cannot always be 
evaluated individually [39]. Table 4.4 contains the ‘deformation’ temperature, the point 
the ash starts to become sticky and potentially problematic, and the ‘flow’ temperature, 
the temperature in which it melts, for the ash fusion results for the raw feedstock and bio-
coals as defined in DD CEN/TS 15370-1:2006 (see Section 3.7.1). Figure 4.2a-d give the 
transition temperatures between phases defined in Section 3.7.1 for willow, Miscanthus, 
macroalgae and microalgae feedstock. The results show that HTC has a strong influence 
on the ash fusion temperatures with the processed fuels becoming sticky (deformation) 
and melting (flow) at higher temperatures than the raw feedstock. This finding would 
support the theory that a large proportion of the potassium and sodium within the starting 
biomass is removed under HTC, reducing the flux effect they have on ash melting. The 
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more limited removal of magnesium and calcium under HTC, especially at 250 °C has 
been shown to result in increased concentrations of magnesium and calcium in the bio-
coal. This could be advantageous, as the change in alkali to alkaline ratio within the char 
should increase the melting /fusion temperature.  
 
Figure 4.2: Ash fusion transition temperatures for a) willow, b) Miscanthus, c) 
macroalgae and d) microalgae. 
Slagging potential is largely determined though fusion temperatures, with a 
decrease in fusion temperature indicating an increase in slagging potential [39]. The 
increase in fusion temperatures observed via the HTC consequently indicates slagging 
potential is reduced by HTC, with greater reductions brought about at higher 
temperatures. Table 4.4 also contains the results of a number of predictive slagging 
indices used to evaluate the influence of the ash chemistry, with their equations given in 
Table 3.3. The limited removal of iron under HTC, results in its accumulation within the 
char, which in turn results in improvements in bed agglomeration index (BAI), slag 
viscosity index (SVI) and base to acid ratio (R b/a). Some of the biomass is however 
predicted to have high slagging propensities, for example willow. Willow is predicted to 
have a high slagging propensity due to low silicon and titanium dioxide, when calculated 
using BAI, SVI and R b/a. This is despite high fusion temperatures outside of the furnace 
range (furnace limit 1570 °C).  
Some caution is consequently needed when interpreting chemical composition 
based slagging indices as these indices are based originally on coal ash slagging and 
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assume the ashes will behave like alumino-silicate coal ashes. Biomass ash systems are 
chemically very different to alumino-silicate coal, with a lot of the ashes being low in 
both silicon and aluminium. Potassium tends to be the most predominant alkali metal in 
a form that is available to contribute to both fouling and slagging. Consequently, care is 
needed when comparing conventional slagging and fouling index values for biomass [39, 
205]. This appears particularly applicable to the macroalgae results, as despite the 250 °C 
bio-coal having a flow temperature greater than that of the furnace limit, which suggests 
a low slagging potential (see Figure 4.2c), all slagging indices, indicate a high slagging 
inclination.  
The actual slagging behaviour, compared to the indices predicted behaviour for 
samples such as microalgae, appears most likely due to the changes between ratios of ash 
components within the bio-coal ash and the resulting form the potassium takes in the fuel. 
It is likely that the retained calcium and phosphorus within the bio-coal is behaving in a 
similar way to calcium and phosphorus based additives used abate problems in biomass 
combustion [234]. Consequently, residual potassium chloride present could be either 
binding with calcium rich phosphates (see Equation 2.13), or become potassium 
phosphates (see Equation 2.14) which can then further react with calcium oxides (see 
Equation 2.15). These calcium potassium phosphate complexes are stable and removes 
the potassium available to form low temperature melting potassium silicates [200, 202]. 
Therefore, despite high levels of alkali metals, which would normally bring about a low 
ash melting temperature and slagging, the formation of thermally stabile complexes will 
remove the potassium available to form low temperature melting potassium silicates. 
While previous reports of high slagging seaweeds in Ross et al. [61] appear to be verified, 
it appears that hydrothermally processes seaweeds may perform significantly better. The 
low transition temperatures for microalgae could be due to the low silicon content within 
the feedstock. Strain selection could yield significantly higher transition temperatures. 
In addition to slagging, fouling and corrosion is another major issue in commercial 
furnaces. HTC appears to result in a net improvement in the fouling indices with the 
Alkali Index (AI) improving for all feedstock, as HTC increases the calorific value of the 
fuel while reducing the potassium and sodium content. HTC should also reduce the 
chlorine within the fuel, chlorine being the main element in metal corrosion (see Section 
2.5.2.3).  Chlorine exists within biomass in the form of water soluble ionic salts (NaCl, 
KCl, CaCl2, MgCl2 and ionic chloride (Cl-)) [37, 38] with the ionic salts making up a 
large proportion of the total inorganics extracted under HTC. The extraction of these 
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chloride based salts will result in the extracted chlorine appearing as chloride in the 
process waters. Biomass washing experiments have shown that between 85 % and 100 % 
of total chlorine within the biomass is extracted though washing [43, 205, 264]. The 
fouling inclination calculated by the Fouling Index (FI) is shown to improve after HTC 
however; a number of feedstock and bio-coal were calculated as having high fouling 
inclination due to low fuel silicon. 
Table 4.4: Fouling indices and ash fusibility flow temperature 
Feedstock 
 Fouling and Slagging Indices  Ash Behaviour (°C) 
AI BAI R b/a SI FI SVI Deformation Flow 
Willow  0.16 0.03 2.1 0.2 39.4 6 1310±0 1540±0 
HTC 200  0.04 0.11 0.6 0.1 9.9 4 1330±10 >1570 
HTC 250  0.05 0.14 1 0.1 25.4 3 >1570 >1570 
Miscanthus  0.11 0.06 0.3 0 1.7 84 980±10 1350±20 
HTC 200  0.04 0.13 0.1 0 0.3 93 1430±0 1550±0 
HTC 250  0.02 0.27 0.1 0 0.1 95 1430±0 >1570 
Oak Wood 0.08 0.07 66.6 1.3 445.4 1 1390±0 1420±0 
HTC 200 0.03 0.15 80.5 0.8 127 1 1360±10 1410±0 
HTC 250 0.02 0.33 1.3 0.3 1.6 43 1480±0 1520±0 
Greenhouse waste 2.45 0 2.1 0.5 93.9 6 1480±10 1550±0 
HTC 200  1.28 0.01 37.8 0.8 1932.7 3 1410±0 1480±0 
HTC 250  0.22 0.19 47 8.9 718 1 1500±0 1540±0 
Foodwaste  0.71 0.03 7.2 0.7 179.5 18 1570±0 >1570 
HTC 200  0.1 1.05 2.9 0.4 17.8 24 1450±10 >1570 
HTC 250  0.04 1.2 5.1 0.8 10.4 13 1420±20 1530±0 
AD press cake  1.14 0.9 0.1 0 0.2 92 1330±20 1430±10 
HTC 200  0.95 2.62 3.2 0 2.1 0 1320±10 1530±10 
HTC 250  0.3 4.65 0.1 0 0 89 1420±20 1550±20 
Municipal wastes  0.66 0.63 0.6 0.3 2.9 59 1150±0 1200±0 
HTC 200  0.4 1.43 0.6 0.1 1.8 55 1160±0 1190±0 
HTC 250  0.1 5.01 0.3 0 0.2 73 1180±0 1240±0 
Sewage sludge  1.71 3.95 0.3 0.6 0.5 80 1230±0 1430±0 
HTC 200  1.67 7.2 0.2 0.6 0.2 82 1220±0 1440±0 
HTC 250  0.88 6.93 0.2 0 0.3 80 1240±0 1470±0 
Macroalgae  9.49 0 16.2 73.2 1525.8 5 670±0 730±0 
HTC 200  2.03 0.01 11.1 44.1 411.9 5 1310±0 1490±0 
HTC 250  1.28 0.02 14.1 41.8 522.6 4 1490±0 >1570 
Microalgae  0.43 0.04 4.1 12.4 45.4 15 660±0 740±0 
HTC 200  0.11 0.27 4.8 14.9 18.9 8 970±0 1020±0 




It can be concluded that the bio-coal yields for lignocellulosics typically range 
from between 58 % and 70 % at the lower process temperature (200 °C) and between 40 
% and 46 % for the higher process temperature (250 °C). The yields for the non-
lignocellulosic materials such as sewage sludge, AD presscake and algae were 
significantly lower than for the lignocellulosic based biomasses for both the lower and 
higher temperature treatments indicating that biochemical composition has a significant 
impact on bio-coal yield. The lower yields of bio-coal obtained at 250° C indicate that the 
decarboxylation and dehydration reactions are more favourable, with significant 
reductions in the level of oxygen at the higher temperature. These decarboxylation and 
dehydration reactions subsequently increase the energy content (HHV) of the bio-coals. 
This chapter has shown that a large proportion of the potassium and sodium within 
the feedstock is extracted during HTC, while magnesium and calcium along with 
phosphorus undergo more limited removal. The removal of these metals has a significant 
influence on the slagging and fouling propensity of the fuel, demonstrating the 
importance of metal removal in terms of combustion behaviour. The results show that 
treatment of biomass by HTC has a strong influence on the slagging propensity of the 
fuel, with ash fusion temperatures for the processed fuels melting at higher temperatures 
to that of the raw feedstock. This research demonstrates that HTC can produce a coal like 
bio-coal from a range of feedstock which is: (i) more energy dense, (ii) easily friable and 
(iii) more hydrophobic than the starting material, it also could overcome the issues of 





5. Valorisation of low quality biofuels by Hydrothermal Carbonisation 
5.1. Overview 
Chapter 4 showed that the treatment of biomass by HTC has a strong influence on 
the slagging propensity of the fuel, with ash fusion temperatures for the processed fuels 
melting at higher temperatures to that of the raw feedstock. The behaviour and mass 
balance is however very feedstock dependent and the higher lignin biomass produce 
higher yields of bio-coal. In this chapter, two low quality biomasses, Miscanthus and 
brown kelp, have been investigated further. 
These two feedstocks are of particular interest as biofuels derived from aquatic 
biomass such as macroalgae offer an extensive and largely unutilised biomass resource 
which does not compete with agriculture or forestry for land and freshwater; overcoming 
drawbacks associated with using terrestrial biomass to produce biofuels. Brown kelp is 
however limited in fuel applications due its low heating value (HHV), high halogen 
content, high ash content and a high slagging and fouling propensity. Miscanthus is a 
perennial bio-energy crop which is currently being commercially utilised in both Europe 
and US. Conventional harvesting of Miscanthus is in late winter/ early spring after the 
crop has senesced and dropped its leaves. This late winter/ early spring harvest is in part 
to meet combustion quality requirements, as senescence and loss of leaves lower fuel 
nitrogen, chlorine, ash, alkaline metals and moisture content. Although this overwintering 
leads to a significant decline in ash content, it does not completely overcome combustion 
issues such as slagging, fouling and corrosion, and early harvesting of Miscanthus can 
increase dry mass yields by 40 % hectare-1. Based on the findings in Chapter 4, HTC 
could be a promising pre-treatment in the valorisation of these low quality, problematic 
biofuels, offering the potential to exploit an extensive and largely unutilised biomass 
resource in the form of kelp and increase conventional yields of Miscanthus by up to 40 
% per hectare. 
The work within this chapter has been published in (i) Algal Research and (ii) the 
Journal Fuel, albeit the work presented in this chapter is abridged. For the unabridged 
version of the brown kelp work, please see: Aidan M. Smith and Andrew B. Ross 
"Production of bio-coal, bio-methane and fertilizer from seaweed via hydrothermal 
carbonisation." Algal Research 16 (2016): 1-11. For the unabridged version of the 
Miscanthus work, please see: Aidan M. Smith, Carly Whittaker, Ian Shield and Andrew 
B. Ross "Potential for production of high quality bio-coal from early harvested 
Miscanthus by hydrothermal carbonisation." Fuel 220 (2018): 546-557 
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5.2. Production of bio-coal from seaweed using hydrothermal carbonisation 
5.2.1. Introduction 
The macroalgae results, presented in Chapter 4, have indicated a significant 
energy densification of the starting feedstock by HTC. Perhaps more interestingly the bio-
coals demonstrated very high ash melting temperatures in the ash fusion test, which 
suggested a low slagging potential (see Figure 4.2c); although numerical slagging indices 
still indicated a high slagging inclination. This result could be significant as macroalgae 
offers a potentially large and largely unutilised biomass resource [60]. A resource which 
due to its chemical composition being significantly different to terrestrial plants, has 
limited its energetic application [58].  
Details on the chemical composition of macroalgae is given in Section 2.1.2, but 
generally macroalgae is high in chlorine, high in ash, has low calorific value and high 
moisture content, making ‘conventional’ biomass treatments less suitable [61]. 
Consequently, macroalgae is an unattractive option for combustion, pyrolysis and 
gasification without some form of pre-treatment. This is due to the energy requirements 
in thermal drying and unfavourable ash chemistry in terms of slagging, fouling and 
corrosion [61]. Research into the energetic application of macroalgae is therefore usually 
limited to biogas through anaerobic digestion (AD) [313-315] and fermentation for bio-
ethanol [58, 316]. There have also been some investigations into acid washing, as a pre-
treatment for thermal applications [317, 318]. At the time of undertaking this work, only 
Xu et al. [319] has published on the HTC of macroalgae with the aim to produce a fuel, 
albeit others have investigated the production of organic chemicals [320] and carbon 
microspheres [147] via hydrothermal processing of alginate. 
The results presented in Chapter 4 appear to overcome the physiochemical 
problems associated with macroalgae, which prevent its utilisation in combustion, 
pyrolysis and gasification. The chemical compositions of microalgae however vary 
between species. This chapter sets out to investigate the feasibility of using HTC to 
produce a high quality solid fuel from brown kelp, which could be used in both domestic 
and commercial furnaces. This work looks at three species of UK indigenous brown kelp; 
(i) Laminaria digitata (ii) Laminaria hyperborea and (iii) Laminaria esculenta to assess 
whether the trends observed in Chapter 4 apply to other brown kelp species. Moreover 
the composition also varies within a single species, both seasonally and geographically 
[321]. Studies of the seasonal variation of seaweed composition have generally show that 
the carbohydrates such as laminarin and mannitol peak in the summer resulting in the 
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highest energy content. In contrast, the protein, ash and alginic acid content peak in the 
winter months resulting in lower calorific values [63, 322]. Harvesting toward the end of 
September results in a feedstock with the highest carbon content and the lowest nitrogen 
content [322]. The impact of this variation could influence the suitability of HTC as a 
pre-treatment. Therefore, the investigation also sets out to assess how the seasonal 
compositional variation of the seaweed affects the solid fuel quality. 
5.2.2. Methodology  
5.2.2.1.Hydrothermal carbonisation 
HTC was performed in the 600 ml Parr reactor (Parr, USA) at 200 °C and 250 °C 
at their isobaric pressures. For each run, 24 g of freeze dried sample and 220 ml of distilled 
water was loaded into the reactor giving a solids loading of 10 %. The macroalgae used 
in HTC was processed unground and was simply rehydrated when mixed with the distilled 
water. The reactor heating rate was approximately 8 °C minute-1 and the reaction 
temperature held for one hour. After one hour, the reactor was air cooled to room 
temperature (approximately 2 ½ hours from 200 °C; three hours from 250 °C). When 
cooled, the reactor was depressurised and the reactor reweighed to calculate gas and 
moisture loss along with the remaining combined mass of process water and bio-coal. 
The solid and liquid products were separated by filtration under vacuum using 110 mm 
qualitative circles (Grade 15, Munktell, UK). The bio-coal was air dried in a fume 
cupboard for a minimum of 48 hours. Mass of process water was calculated by subtracting 
the dry mass of bio-coal from the combined mass of process water and bio-coal. 
5.2.2.2.Materials 
Samples of macroalgae were provided by the Scottish Association for Marine 
Science (SAMS) in Oban. L. digitate, L. hyperborea and A. esculenta, were harvested 
from wild kelp beds at Easdale on the west coast of Scotland in July 2009. In addition, 
samples of L hyperborea were collected in the spring (April), autumn (October) and 
winter (January) at the same location.  
5.2.2.3.Analysis 
5.2.2.4.Inorganic analysis 
Samples were digested in a microwave (Aston Parr, USA), as described in section 3.6.1 
and potassium, sodium, calcium, magnesium and iron determined by AAS (Valiant, 
USA), as described in Section 3.6.3. Phosphorus and silicon determined using calorimetry 
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based methods, as described in Section 3.6.4 and Section 3.6.5.  Heavy metals determined 
by ICP-MS (Perkin Elmer, USA) as described in Section 3.6.2. Chlorine was analysed by 
combustion in an oxygen bomb (Parr, USA) followed by determination using ion 
exchange chromatography (Dionex, USA), as described in Section 3.6.7. 
5.2.2.4.1. Organic analysis and ash measurement 
Carbon, hydrogen, nitrogen, sulphur and oxygen content was determined using a 
Flash 2000 CHNS-O analyser (Thermo Scientific, USA), with the method described in 
Section 3.4.2. The volatile and fixed carbon component of the proximate analysis carried 
out using thermo-gravimetric analysis (Mettler Toledo, Switzerland) as described in 
Section 3.3.3. Ash content was determined using a muffle furnace, as described in Section 
3.3.2. Moisture content was determined using a moisture oven (Carbolite, UK) as 
described in Section 3.3.1. The calorific value of the bio-coal and was calculated by both 
bomb calorimetry (Parr, USA) and Dulong’s Equation (see Equation 3.11); as described 
in Section 3.5. Figures are given on a dry basis in accordance with ASTM D3180-15, 
with hydrogen and oxygen values corrected to account for moisture. 
5.2.2.4.2. Prediction of slagging and fouling behaviour 
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace in accordance with the standard method for the determination of ash melting 
behaviour (DD CEN/TS 15370-1:2006) using the methodology described in Section 
3.7.1. In addition, various slagging and fouling indices have been utilised with their 
equations 1-6 in Table 3.3. Their underlying theory and calculation methodologies given 
in Section 3.7.2. 
5.2.2.4.3. Biological Methane Potential 
The biological methane production (BMP) was calculated by drying a known 
volume of process water at 60 °C and calculating the carbon, hydrogen, nitrogen, sulphur 
and oxygen content analysed using a Flash 2000 CHNS analyser (Thermo Scientific, 
USA). Inorganic content within the process water was calculated by difference (see 
Equation 3.19) due to high minerals content of the water and high levels of oxygen being 
incorporated into the ash on drying. A full description of the process is given in Section 
3.10.6.1. Calculations of potential gas yields by methanogenesis have been calculated 
based on the Boyle’s equation (see Equation 3.20) and hydrogen yields via hydrogenesis 
using Equation 3.21.  
137 
 
5.2.3. Results and discussion 
5.2.3.1.Influence of HTC on the bio-coal organic chemistry 
The mass yields, calorific content and elemental composition of the bio-coals and 
starting feedstocks are given in Table 5.1. The results have shown a significant increase 
in energy density in the bio-coal, with the ‘as received’ CV of the fuel typically 22 MJ/kg 
for the 200 °C treatment and 25 MJ/kg for the 250 °C treatment. The CV of the initial 
feedstock typically ranges from 11.2 and 14.1 MJ/kg. It should be noted that the starting 
biomass has been dried, with a starting moisture content of between 80 and 90 %, which 
is consistent with Black [321], this energy penalty has not been considered in these 
figures; the bio-coal on the other hand have merely been air dried, with an air dried 
moisture content of between 2.1 and 3.5 %.  
The energy densification of the bio-coal is as a result of changes to the ratio of 
carbon and oxygen (O/C) in the fuel, with the carbon content appearing to increase, while 
the oxygen and ash content appears to decrease. The Van Krevelen diagram given in 
Figure 5.1 shows how the O/C and hydrogen to carbon (H/C) ratios of the bio-coal 
compare with coals and lignin [20, 29]. The results show the bio-coal have a coal like 
morphology with an O/C ratio between that of bituminous coals and lignite as reported in 
Hatcher et al. [323]. The O/C ratios are similar to reported pine and fir 255 °C bio coals 
reported in Hoekman et al. [29].  
 
Figure 5.1: Van Krevelen diagram showing bio-coal, biomass, lignite and coals (lignite 




























Table 5.1: Proximate and ultimate analysis results for feedstock and bio-coal 
Feedstock  







% Ash H/C O/C 
(% Mass 
db) (db) (db) (db) (db) (db) (db) (daf) (daf) 
Alaria - 38.2±1.0 5.0±0.3 2.3±0.1 1.3±0.1 30.9±0.8 14.5 12.8 22.3±0.0 1.57 0.61 
HTC 200 30.0 58.0±1.1 5.3±0.2 3.4±0.1 0.3±0.0 23.8±0.3 22.9 22.9 9.2±0.3 1.09 0.31 
HTC 250 23.7 59.1±1.1 5.6±0.1 3.3±0.1 0.3±0.1 17.3±0.3 24.8 24.7 14.5±0.2 1.13 0.22 
L.Digitata - 33.3±2.4 4.7±0.2 1.7±0.1 0.9±0.3 31.1±2.1 12.4 11.4 28.3±0.0 1.70 0.70 
HTC 200 21.8 50.2±0.4 5.3±0.1 2.4±0.0 0.7±0.1 20.1±0.7 21.0 22.5 21.2±0.3 1.27 0.30 
HTC 250 18.4 55.9±0.6 6.1±0.0 2.9±0.0 0.1±0.0 26.6±1.2 22.9 22.6 8.3±0.1 1.31 0.36 
L. Hyp’ Spring - 32.3±0.4 4.5±0.1 2.7±0.0 0.9±0.6 29.3±2.0 12.2 11.2 30.1±0.0 1.69 0.68 
HTC 200 28.6 54.2±0.3 5.6±0.0 3.5±0.0 0.1±0.0 24.7±0.3 21.9 21.9 11.9±0.1 1.24 0.34 
HTC 250 24.7 54.0±0.4 5.8±0.0 3.1±0.1 0.4±0.1 19.8±0.8 23.0 24.1 16.9±0.2 1.29 0.28 
L. Hyp’ Summer - 38.2±0.1 5.3±0.0 1.9±0.0 0.6±0.0 33.3±0.7 14.5 12.9 20.6±0.0 1.67 0.65 
HTC 200 31.2 62.3±0.9 5.4±0.2 3.1±0.0 0.1±0.0 24.8±0.2 24.4 23.0 4.3±0.1 1.05 0.30 
HTC 250 24.3 67.1±0.9 5.7±0.1 3.2±0.1 0.1±0.0 18.2±0.4 27.5 26.5 5.7±0.1 1.01 0.20 
L. Hyp’ Autumn - 42.0±0.5 6.2±0.1 2.0±0.0 0.0±0.0 39.5±0.0 16.1 14.1 10.2±0.0 1.78 0.70 
HTC 200 33.0 64.6±0.6 5.0±0.0 2.6±0.0 0.0±0.0 24.1±0.4 24.7 22.6 3.6±0.1 0.93 0.28 
HTC 250 31.7 66.9±0.3 5.0±0.1 2.8±0.1 0.0±0.0 20.1±0.2 26.2 25.9 5.1±0.1 0.90 0.23 
L. Hyp’ Winter - 34.5±0.2 4.8±0.0 2.4±0.0 0.0±0.0 29.3±0.9 13.2 12.3 29.1±0.0 1.66 0.64 
HTC 200 39.0 57.8±0.8 4.9±0.1 3.1±0.0 0.1±0.0 23.3±0.8 22.3 21.2 10.8±0.2 1.01 0.30 
HTC 250 23.6 63.3±0.9 5.5±0.2 3.3±0.1 0.1±0.0 16.5±0.2 26.3 25.4 11.3±0.1 1.04 0.20 
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The H/C ratios are greater for the seaweed bio-coal than for coal, with all bio-
coals typically between 0.9 and 1.3. This appears consistent with the H/C ratios presented 
in Chapter 4 (Smith et al. [213]) where lignocellulosic biomass was processed under 
identical conditions, while Hoekman et al. [29] reported H/C ratios between 0.8 and 1.0 
for their 255 °C bio-coals. High H/C ratios can be associated with processing in alkaline 
conditions, and the alkaline metals extracted into the process waters maybe the cause 
[324]. The 250 °C seaweed bio-coals have a lower O/C ratio than the 200 °C seaweed 
bio-coal, as would be expected with lignocellulosic bio-coals and this would be due to 
increased dehydration. The H/C ratios for seaweed bio-coal are similar at each 
temperature, which differs from lignocellulosic biomass, where the lower temperature 
bio-coals had both higher O/C and H/C ratios [29].  
5.2.3.1.1. Potential process chemistry routes 
Although the bio-coals have undergone energy densification similar to that of 
lignocellulosic biomass, the yields appear to be lower for macroalgae than lignocellulosic 
biomass. The yields for the lignocellulosic biomass, presented in Chapter 4 and processed 
under similar conditions, range between 58 % and 70 % at the lower process temperature 
(200 °C) and between 40 % and 46 % for the higher process temperature (250 °C) for 
oak, willow and Miscanthus [213]. The low yields will largely be because of differences 
in biochemical composition. Brown kelps, as processed, comprise largely of carbohydrate 
in the form of parallel chains of polymeric alginic acid along with mannitol, laminarin, 
fucoidan and other polysaccharides [61], while lignocellulosic material is derived of 
cellulose, hemicellulose and lignin.  
As discussed in Section 2.3.2, during HTC, lignin is hydrolysed into phenolic 
fragments, which are highly reactive and recombine quickly [28] and maintains a coke 
like macromolecule structure, which the hemicellulose and cellulose derived compounds 
condense onto [11]. For material with lower lignin content, crystalline cellulose scaffolds 
(present in grasses) act as the nucleus for the recondensation reactions [28, 77]. For 
biomass without a structural crystalline cellulose structure, carbonaceous nanoparticles / 
spheres are formed due to burst nucleation followed by LaMer particle formation [22, 77, 
78]. It is unclear whether the alginic acid is crystalline in brown kelp, but given brown 
kelps comprise largely of carbohydrate [61], the latter (non-lignin) models of nucleation 
appear more likely.  
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There is very limited information on the HTC reactions during HTC of 
macroalgae. Jeon et al. [320] has looked into the hydrothermal degradation of sodium 
alginate, a water soluble alginate, at 200 °C and 250 °C using acid and base catalysts but 
did not report a char yield. The results showed that depolymerisation of alginic acid 
occurs from 150 °C; with hydrolysis converting the sodium alginate to monomers 
followed by subsequent reformation to organic acids, predominantly furfural, glycolic 
acid and formic acid. This would suggest that the decomposition chemistry of alginic acid 
is similar to that of cellulose. Consequently, polymerisation should follow a similar 
process chemistry to that described for cellulose in Section 2.3.2 and summarised in 
Figure 2.8.  
The addition of calcium chloride to hydrothermally carbonised sodium alginate 
has been shown to promote the formation of carbon microspheres [147]. In Chen et al. 
[147], the authors hypothesise that calcium, being a divalent cation, binds poly-guluronic 
acid units, forming stable cross-linking chains enabling the formation of the sphere. It is 
unclear whether these metals are acting as seeding nuclei, bringing about initial 
polymerisation and in so triggering burst nucleation in a similar way to that reported by 
Antonietti and others in the early 2000’s, with the HTC of sugars using noble metal 
catalysts [23, 25, 325]. Caution is however required when interpreting behaviour of 
alginate. Sodium alginate is widely exploited for its aggregative properties, particularly 
its ability to instantaneously and almost temperature-independently form a solid / 
gelatinous cross-linked structures in the presence of multivalent cations (e.g., Ca2+), when 
dissolved in water [326]. Accordingly, its behaviour may be different to that of other 
carbohydrates.   
It does however appear likely that calcium and magnesium play an important role 
in the formation of the bio-coals during HTC of macroalgae, with the divalent cations 
present in the process waters nucleating alginate hydrolysis fragments and forming nuclei 
from which the bio-coals can grow. This theory is supported by the metal analysis of the 
bio-coals (see Figure 5.2), which showed the calcium and magnesium increase in 
concentration within the bio-coals while the potassium and sodium are extracted. 
Moreover, there is evidence within the coal literature that may suggest multivalent cations 
can play a role in polymerisation of mineral coal, though interactions with oxygen 
functional groups [148, 149].  
As part of this work electron microscopy images were not taken of these chars. 
Images would indicate whether the char is polymerised onto structural scaffolds or 
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derived though burst nucleation. In the case of the latter, increasing carbonisation time 
and organic concentration by increasing the water to solids ratio should increase yields 
[77, 78]. Likewise, if the cations are catalysing polymerisation, yields maybe improved 
though spiking with multivalent cations.  
5.2.3.1.2. Influence of HTC on the bio-coal ash chemistry 
While HTC appears to overcome the issues of moisture content and calorific value 
associated with seaweeds, the main issues which prevents its utilisation in combustion, 
pyrolysis or gasification is the high chlorine, high ash and high alkali metals content [61]. 
Figure 5.2, shows the main ash forming elements within the bio-coal and feedstock and 
Table 5.2 shows the percentage of metals extracted.  Extraction efficiency is calculated 
by multiplying the concentration (mg/kg) of metal within the bio-coal with the product 
yield to give mg metal remaining per kg of feed. This is then divided by the initial 
feedstock concentration to give percentage removal.  
Results show sodium is extracted in excess of 99 % for both treatments, with 
potassium extraction in the region of 97 % at 200 °C and 99 % at 250 °C. Chlorine is also 
removed in high quantities, typically around 99 % with slightly higher extraction 
associated with the increased reaction severity. The extraction efficiency of calcium and 
magnesium is less than the alkali metals, with the higher temperature treatments 
extracting less calcium and magnesium than the 200 °C treatment. This would suggest 
that these divalent cations are being retained by the bio-coal at higher temperatures. This 
retention could be because of interactions between the cations and the reactive oxygen 
functionalities on the char surface; the higher valiant cations being retained due to cation 
exchange [28]. The reduction in O/C would however suggest a reduced cation exchange 
capacity for the 250 °C bio-coals and may not explain increases in cation retention at the 
higher temperature. It appears more likely that the divalent cations are playing a role in 
char formation [147], forming a nuclei around which the bio-coal can form. The increased 
reaction temperature at 250 °C will result in greater degradation of the carbohydrates and 
therefore, the char formation is more dependent on repolymerisation. The 
repolymerisation is subsequently catalysed by the calcium and magnesium as 
hypothesised in Section 5.2.3.1.1. At 200 °C, it is likely that residual carbohydrate will 
remain within the char and therefore the char formation is less dependent on 
repolymerisation from organic fractions within the process water.  
Development of a Pyrolysis-GCMS method to identify carbohydrate markers 
would be beneficial in this instance as qualification of residual carbohydrate, in much the 
142 
 
same way cellulose is quantified in Chapter 6, 7 and 8, would be beneficial in 
understanding char makeup. 
 
Figure 5.2. Concentrations of the main ash forming elements within the raw kelps and 
corresponding bio-coals. a) A. esculenta (summer), b) L. Digitata (summer), c) L. 
Hyperborea spring harvest, d) L. Hyperborea summer harvest, e) L. Hyperborea 
autumn harvest and f) L. Hyperborea winter harvest (concentrations and standard error 




Table 5.2: Percentage extraction of the main problematic ash forming elements within 
the raw kelps 
 K (%) Na (%) Mg (%) Ca (%) Cl (%) P (%) 
A. Esculenta 100 100 100 100 100 100 
HTC 200 99.2±0.1 98.4±0.0 87.4±1.2 56.1±2.2 98.2 44.6±6.8 
HTC 250 98.1±0.3 99.0±0.0 73.3±0.4 51.2±1.1 99.3 44.3±2.2 
L. Digitata 100 100 100 100 100 100 
HTC 200 99.8±0.0 99.8±0.0 82.6±0.3 19.5±1.8 99.8 36.0±7.7 
HTC 250 99.8±0.0 99.8±0.0 93.7±0.1 69.6±0.6 99.9 40.9±10.8 
L. Hyp’ Spring 100 100 100 100 100 100 
HTC 200 97.7±0.4 99.9±0.0 89.4±0.5 44.5±2.9 99.0 16.5±2.2 
HTC 250 99.3±0.0 99.5±0.0 76.8±0.2 35.1±2.1 99.7 39.9±2.8 
L. Hyp’ Summer 100 100 100 100 100 100 
HTC 200 97.4±0.7 99.3±0.0 92.7±0.8 75.3±1.4 99.2 61.0±3.8 
HTC 250 99.4±0.1 99.6±0.0 77.5±0.3 68.0±1.6 99.7 39.7±1.2 
L. Hyp’ Autumn 100 100 100 100 100 100 
HTC 200 96.8±1.5 99.8±0.0 86.9±2.0 61.9±6.3 97.5 66.5±6.3 
HTC 250 99.3±0.0 99.7±0.0 78.2±1.5 43.2±5.1 98.7 73.1±5.0 
L. Hyp’ Winter 100 100 100 100 100 100 
HTC 200 94.5±0.0 99.6±0.0 86.8±0.6 52.0±0.3 92.8 48.2±0.3 
HTC 250 98.8±0.2 99.6±0.0 72.3±1.4 52.8±0.5 99.1 53.3±1.4 
 
While understanding extraction efficiency is important when understanding HTC 
mechanisms, the resulting concentration of metals and heteroatoms within the bio-coal is 
what is actually important when utilising the fuel, and these results are given in Figure 
5.2. The results show significant reductions in the net concentrations of sodium, 
magnesium and chlorine, which will bring significant benefits in terms of the slagging 
and fouling properties of the char. The results show a net increase in the concentrations 
of the two divalent cations within the bio-coal, with magnesium concentration reducing 
in the 200 °C bio-coal but increasing in the 250 °C bio-coal. The increase in magnesium 
concentration is far greater than the decrease in mass yield at the higher temperature 
which shows that magnesium is being re-up taken at the higher temperatures, either due 
to increasing surface functionality or because at the higher temperatures it plays a role in 
the bio-coal formation. The calcium concentration increases in both treatments, but to a 
greater extent in the 250 °C treatment. As calcium’s uptake is different to that of 
magnesium, it appears likely that calcium is playing a greater role in the bio-coal 
formation with its role increasingly important at higher temperatures. The presence of 
phosphates within the bio-coal (results given as elemental phosphorus) could indicate that 
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portions of the metals within the bio-coal are metal phosphates. This will be beneficial  in 
terms of combustion due to their higher thermal stability when compared to metal oxides 
and thus improved ash behaviour [200]. 
The slagging and fouling indices for the seaweeds and corresponding bio-coal are 
given in Table 5.3. It is worth noting that the ash chemistry in the seaweeds is very 
different to that of a bituminous coal, which is predominantly comprised of silicon 
dioxide, iron oxide and aluminium oxide, while the ash of unprocessed raw kelp is largely 
alkali or alkaline earth metal salts. The large composition of alkali and alkaline earth 
metals results in an alkaline ash, which is why the acid base ratios are very high as the 
both the raw feedstock and the bio-coal have very low aluminium, silicon and titanium 
content resulting in base heavy ash. Likewise, the low silicon content results in low values 
for the slag viscosity index, which implies that there may be issues with slagging, based 
on the viscosity of the ash. The results for the slagging indices show large improvement 
in slagging propensity, with the slagging indices showing that the higher temperature bio-
coal are safe for combustion, whereas the raw seaweeds are not. This is consistent with 
the results of the ash fusion testing which have shown large improvements (sometimes 
by up to 1000 °C increase in deformation temperature) in all the transition temperatures 
(see Figure 5.3). 
 Figure 5.3 shows the results of the ash fusion test. The raw L. Hyperborea ashes 
deform at 560 °C or below and go to flow (melt) at temperatures as low as 610 °C, 
demonstrating a very high slagging propensity. Contrary to this the L. Hyperborea 250 °C 
bio-coal not even deform before exceeding the furnace limit of 1570 °C. This shows how 
the fuel has been transformed from a high slagging fuel to a fuel with a low slagging 
potential [39]. The 250 °C bio-coal for A. Esculenta and L. Digitata started to deform at 
1470 °C and 1260 °C and both went to flow but at temperatures 1550 °C and 1540 °C 
respectfully which are still high deformation and melting temperatures.  
The 200 °C bio-coals melted at lower temperatures than the 250 °C bio-coals, with 
A. Esculenta and L. Digitata and L. Hyperborea; autumn and winter samples melting at 
1490, 1490, 1530, 1510 °C respectfully, but had similar deformation temperatures to the 
250 °C bio-coals, deforming at 1450, 1450, 1480 and 1470 °C respectfully. L. Hyperborea 
spring 200 °C bio-coal had gone to deformation at the furnace limit (1570 °C) but not 
gone to hemisphere or flow. L. Hyperborea summer 200 °C bio-coal had merely shrunk 
by the furnace limit (1570 °C). High flow temperatures were observed for the raw A. 
Esculenta and L. Hyperborea autumn samples, which would indicate a low slagging 
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propensity, but the low deformation temperatures of 620 °C and < 550 °C for the raw 
samples would indicate they would be highly problematic. For the raw A. Esculenta and 
L. Hyperborea autumn samples the ceramic tiles, on which the test pieces were placed 
were severely corroded and warped. This was not observed for any of the bio-coal test 
pieces.  
The ash fusion test, being also inductive of fouling propensity, would suggest the 
bio-coals should have a low fouling propensity but the fouling index, given in Table 5.3, 
suggests a high fouling propensity for all bio-coals. Whether these fuels are fouling 
requires further investigation; however, these indices make assumptions on the ash 
mineralogy and don’t take into account the role of phosphorus and calcium in abating 
sodium and potassium release, as discussed in Section 2.5.3.1. Moreover, it is shown in 
Figure 5.2 that a large portion of the chlorine has been extracted during the HTC process. 
Chlorine plays an important role in fouling and corrosion mechanisms, so at the least 
corrosion associated with any fouling deposits should be reduced [201]. Therefore, the 
bio-coals may, in practice, be low fouling but the presence of alkali and alkaline earth 
metals will always result in it being highlighted as having a high fouling risk when using 
fouling indices. This said, significant shrinkage of all the test pieces was observed. While 
it is believed that this is due to hydrothermally derived carbonates within the ash, it could 
still indicate volatilisation of potassium and sodium. Consequently, understanding of how 
the bio-coal ash chemistry changes as it is heated is a significant future step in determining 
the suitability of seaweed bio-coals in combustion. Ash fusion testing of the raw seaweed 
ashes resulted in significant fouling of the furnace optics which confirms the findings of 





Table 5.3: Fouling indices and ash fusibility flow temperature 
Feedstock 
         Fouling and Slagging Indices                                               Ash Fusion  
AI BAI R b/a SI FI SVI Deformation (°C) 
Flow 
(°C) Notes 
A. Esculenta 6.86 0.81 68.25 84.1 2793.5 2 620 >1570 Tile deformed 
HTC 200 0.12 0.28 6.17 0.0 19.1 10 1450 1490  
HTC 250 0.27 0.66 12.76 1.0 61.0 4 1470 1550  
L. Digitata 10.48 0.64 300.66 232.0 14139.8 0 550 1220  
HTC 200 0.07 0.61 35.20 0.3 26.8 1 1450 1490  
HTC 250 0.08 0.45 16.66 0.0 38.3 2 1260 1540  
L. Hyp’ Spring 12.13 0.27 197.38 170.3 9297.6 1 570 610  
HTC 200 0.38 0.46 17.27 0.2 135.7 5 1540 >1570  
HTC 250 0.22 0.43 33.59 1.6 109.8 3 >1570 >1570  
L. Hyp’ Summer 5.56 0.38 165.97 107.4 5763.1 1 550 680  
HTC 200 0.23 0.56 9.55 1.6 134.2 11 >1570 >1570  
HTC 250 0.07 0.61 15.83 0.9 56.6 5 >1570 >1570  
L. Hyp’ Autumn 3.61 0.56 467.72 8.3 24757.7 0 <790 1520 Tile deformed 
HTC 200 0.13 1.05 29.62 0.0 265.7 4 1480 1530  
HTC 250 0.04 0.94 49.87 0.4 103.4 2 >1570 >1570  
L. Hyp’ Winter 8.36 0.51 354.96 12.4 12295.2 0 <800 1090  
HTC 200 0.50 0.45 27.32 1.0 297.7 3 1470 1510  




Figure 5.3: Ash fusion transition temperatures for the raw kelps and corresponding bio-
coals. a) A. esculenta (summer), b) L. digitata (summer), c) L. hyperborea spring 
harvest, d) L. hyperborea summer harvest, e) L. hyperborea autumn harvest and f) L. 
hyperborea winter harvest 
5.2.3.2.Process Water Chemistry  
The anions and cations within the process waters were analysed by ion 
chromatography (IC) and the results are shown in the Table 5.4. The process water 
contains high concentrations of sodium and potassium along with high concentrations of 
the associated halogens; chlorine, fluorine and bromine. This correlates with the 
reductions seen in the bio-coal, which indicates that the fate of the alkali metals and their 
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associated anions is the process water. The divalent cations magnesium and calcium are 
also present within the process water although they are present in significantly lower 
concentrations, with approximately 5 grams of calcium per kg of feedstock, whereas 
potassium varies between 30 and 83 grams/ kg feedstock depending on the species and 
the season. In addition to the high cations present, there are also high concentrations of 
phosphate present within the process waters with concentrations varying from 12 g/kg 
feedstock to 76 g/kg feedstock. The presence of potassium and phosphate in high 
concentrations and to a lesser extent calcium and magnesium raises the prospect of 
recovering these salts for use in fertilizer. While this paper does not attempt to suggest 
potential extraction routes; for HTC of macroalgae to develop to a commercial scale it is 
essential to identify applications that offer technical or economic advantages over 
conventional biomass processes and the recovery of essential plant nutrients would be 
one such route. 
In addition to the salts present within the process water there is also nitrogen in 
the form of nitrite, nitrate and ammonia. This will be largely derived from the organically 
bound nitrogen within the macroalgae. Table 5.1 shows the nitrogen content of the bio-
coal and indicates that a significant portion of the nitrogen is transferred to the process 
water resulting in only a slight increase in nitrogen in the bio-coal.  The relatively low 
concentrations of nitrogen detected by IC is indicative that the remaining nitrogen is in 
the form of organic compounds such as nitrogen heterocycles, pyrroles and indoles in the 
process waters due to the degradation of proteins [327] along with maillard reaction 
products due to interactions between the proteins and carbohydrates [89]. It is also likely 
that a number of organic compounds will also be associated with metals and heteroatoms, 
which will be undetectable by IC. Consequently the metals and heteroatoms detected by 
IC should be taken as free ionic salts in the process waters and not total extracted the 
metals and heteroatoms. 
The process waters have been shown to be high in organic carbon (10-18 % of the 
carbon), due to the low bio-coal yields. As increasing the retention times and reducing 
the water to biomass ratio may well overcome this in the same way as has been done for 
low lignin, non-crystalline cellulose biomass [77, 78]. Recycling the process waters back 
into the HTC process may also have a similar impact [44, 48], although the extraction of 
salts could be problematic. Likewise, as hypothesised in this work addition of calcium 
may catalyse repolymerisation, while in addition acting as an additive in mitigating the 
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impacts of fouling and slagging. The second solution would be fermentation of the 
process waters by AD, a solution discussed in detail in the corresponding paper. 
5.2.4. Influence of seasonal variation in bio-chemical composition on product yield 
The energy yields from HTC of the three kelp species harvested in July and the 
energy yields of L. hyperborea harvested throughout the year are given in Figure 5.4. The 
results show that there is significant variation between the three species and the time of 
year of harvest. L. hyperborea appears to give the highest yields of bio-coal, with A. 
esculenta giving the second highest yields. Interestingly the higher temperatures appear 
to give lower energy yields, despite increased energy densification of the products. The 
reduced bio-coal energy yield is most likely due to increased decomposition of the 
carbohydrate present with the hydrolysed fractions then remaining within the process 
waters. Figure 5.4 also includes potential AD yields of methane and hydrogen, taken from 
Smith and Ross [259]. These results do however show that the lower energy yields of the 
higher temperature treatment can be offset by the increased potential energy yield from 
either hydrogen or methane production via AD. Moreover, with the improvements in 
slagging propensity of the solid fuel, the lower yields should not dissuade from this 
treatment. 
The char yields appear highest in the autumn which correlates with the fuel having 
the highest carbon content [322]. The yields are lowest for material harvested in the 
spring, when ash is highest [63, 322]. This high ash content in the early spring also makes 
the fuel, even once hydrothermally treated at 250 °C, unsuitable for direct combustion 
due to fouling and slagging risk, although it still could be blended. The carbohydrate 
content of the algae, which peaks in the summer samples (July) [63, 322], appears less 
important than maximum carbon in terms of maximum bio-coal yield, although the higher 
carbohydrate content in the feedstock appears to increase the hydrogen and methane 
yields obtained by AD, which offsets the reduced energy yields in the bio-coal.   
In summary, the results generally show that the highest energy yields are obtained 
in the summer and autumn harvested algae. This is different to direct seaweed AD which 
is reliant on carbohydrate content [63]. Consequently, it is not necessary to harvest in July 
to obtain maximum yield when processing by HTC. HTC will allow harvesting 
throughout the summer and autumn, which has the benefit of significantly extending the 
harvesting window, and will enable harvesting to be coordinated with maximum biomass 
yield as opposed to optimum composition. The results do imply harvesting in the spring 
is best avoided due to low yields and less favourable inorganic chemistry. If harvesting 
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in the autumn overruns, harvesting in the early winter should not be too detrimental to the 
fuels inorganic chemistry but will have a penalty on yields. 
 
Figure 5.4: Bio-coal, hydrogen (1) and methane (2) yields (75 % of theoretical yield) 
from HTC followed by anaerobic digestion: 1a) variation between summer harvested 
species with hydrogeneses, 1b) variation between seasonal harvested L. hyperborea 
with hydrogeneses, 2a) variation between summer harvested species with 




Table 5.4: Mass (g) of anions, cations and organic carbon in the process water after HTC of 1 kg feedstock using 10:1 water to solids ratio 
 
Sample 
Anions Process Water (g/kg feed) Cations Process Water (g/kg feed) Organic 
Carbon 
(g/kg) F- Cl- NO2- Br- NO3- PO43- Na+ NH4+ K+ Mg2+ Ca2+ 
A. Esculenta 200 6.9 53.0 0.2 0.2 2.3 30.5 32.7 2.2 29.7 5.6 4.9 148.1 
A. Esculenta 250 2.6 53.3 0.2 0.8 1.6 24.1 29.5 4.2 34.8 4.0 3.7 155.8 
L. Digitata 200 8.6 65.7 0.5 1.9 2.3 35.7 37.1 0.0 40.8 6.5 5.9 177.1 
L. Digitata 250 4.7 58.5 0.5 1.9 2.2 11.6 39.0 0.0 41.7 6.8 5.9 160.6 
L. Hyp' Spring 200 5.9 81.0 0.5 10.7 0.9 44.6 36.9 2.0 43.0 5.8 2.5 100.1 
L. Hyp' Spring 250 4.8 69.8 0.4 10.4 2.4 23.7 40.6 3.9 68.9 5.8 3.4 124.9 
L. Hyp' Summer 200 2.7 24.7 0.5 1.0 1.3 29.0 19.3 1.6 33.8 3.3 3.7 154.1 
L. Hyp' Summer 250 5.3 33.3 0.5 1.2 2.3 41.1 20.5 1.0 37.8 4.2 4.4 182.9 
L. Hyp' Autumn 200 5.3 18.4 0.4 1.0 2.3 26.2 18.0 0.0 20.1 4.1 3.6 148.0 
L. Hyp' Autumn 250 1.8 2.3 0.0 0.9 0.9 15.3 14.4 0.9 22.4 3.0 2.2 138.7 
L. Hyp' Winter 200 7.3 64.6 0.5 4.7 2.5 64.1 26.4 3.8 75.3 5.5 3.5 87.2 




Table 5.5: Additional extractable anions and cations though bio-coal washing with distilled water (g/kg feedstock) 
 
Sample 
Anions Extracted (g/kg feed) Cations Extracted (g/kg feed) Organic 
Carbon 
(g/kg) F- Cl- NO2- Br- NO3- PO43- Na+ NH4+ K+ Mg2+ Ca2+ 
A. Esculenta 200 0.8 4.1 0.0 0.2 0.2 0.9 4.6 0.0 4.1 0.8 0.9 24.4 
A. Esculenta 250 0.3 3.2 0.0 0.2 0.2 0.6 3.0 0.4 3.6 0.4 0.4 18.7 
L. Digitata 200 0.9 4.5 0.2 0.2 0.2 0.8 4.4 0.0 4.7 0.8 0.8 25.4 
L. Digitata 250 0.4 3.7 0.2 0.2 0.2 0.5 4.4 0.0 4.7 0.8 0.7 18.2 
L. Hyp' Spring 200 1.1 11.1 0.2 0.8 0.2 1.8 3.7 0.1 4.3 0.6 0.4 22.8 
L. Hyp' Spring 250 0.8 8.8 0.2 0.7 0.3 1.0 6.3 0.6 10.8 0.9 0.5 25.0 
L. Hyp' Summer 200 0.9 4.0 0.2 0.2 0.3 1.4 3.3 0.0 5.9 0.6 0.8 30.4 
L. Hyp' Summer 250 0.2 2.3 0.2 0.2 0.0 0.9 2.1 0.0 3.5 0.3 0.4 20.7 
L. Hyp' Autumn 200 0.8 2.7 0.2 0.2 0.2 1.2 3.3 0.0 3.9 0.8 0.7 34.7 
L. Hyp' Autumn 250 0.4 2.3 0.0 0.2 0.2 1.1 2.2 0.0 3.4 0.4 0.4 25.6 
L. Hyp' Winter 200 1.6 11.9 0.2 0.5 0.3 3.2 5.6 0.8 16.3 1.1 0.8 28.9 





This study has shown that processing macroalgae via HTC can produce a coal like 
product with improved combustion properties. Moreover, hydrothermal carbonisation 
can overcome the highly unfavourable inorganic and heteroatom chemistry of 
macroalgae, which will otherwise largely prevent its utilisation in combustion, pyrolysis 
or gasification due to slagging, fouling and corrosion. 
The results indicate that HTC can produce a coal like product with an enhanced 
energy density. The resulting bio-coal has a typical CV of 22 MJ/kg(ar) for the 200 °C 
treatment and 25 MJ/kg(ar) for the 250 °C treatment.  HTC results in almost complete 
removal alkali metals and chlorine. In addition, the bio-coals retain calcium and 
phosphorus, which inhibit the effects of the residual alkali metals in terms of slagging and 
fouling. Ash fusion testing has demonstrated that the slagging and fouling propensity of 
the resulting bio-coal is significantly reduced.  
As brown kelp is largely derived of carbohydrate and absent of a lignin-derived 
structure, results suggest calcium may play an important role in the formation of the bio-
coals during HTC of macroalgae. It is hypothesised that divalent cations present in the 
process waters nucleate the alginate hydrolysis fragments during HTC and form nuclei 
from which the bio-coals can grow.  
Consequently, this study has shown that HTC is a promising pre-treatment for 
macroalgae producing a bio-coal with favourable combustion properties from a highly 
unfavourable feedstock. Further processing of the process water can generate bio-
methane or, hydrogen and facilitate recovery of inorganics which will greatly improve 
the process economies. Moreover, the results would suggest that the cations have both an 





Table 5.6: Concentrations of the main ash forming elements within the raw kelps and 
corresponding bio-coals with standard error of mean. 
 K Na Mg Ca Cl P 
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
Alaria 31691±230 36658±172 8012±68 12489±109 26480 2652±73 
HTC 200 1068±65 2641±9 4485±372 24286±1006 2093 6504±616 
HTC 250 3312±463 2046±42 11906±73 33824±474 986 8205±103 
L.Digitata 41300±201 51361±641 9209±10 9857±100 28224 1435±148 
HTC 200 721±11 565±11 11431±176 56704±694 447 6563±109 
HTC 250 560±20 842±17 4442±70 23044±251 294 6523±507 
L. Hyp’ Spring 55398±969 51136±14 9132±85 10428±282 55176 1824±24 
HTC 200 6759±982 305±30 5151±218 30812±753 2922 8101±112 
HTC 250 2555±132 1732±158 13583±1 43388±210 1218 7021±234 
L. Hyp’ Summer 31471±258 24940±145 5527±12 7752±363 41774 1635±29 
HTC 200 3711±972 774±0 1837±187 8678±98 1484 2886±227 
HTC 250 1051±108 496±20 6788±66 13540±50 714 5387±607 
L. Hyp’ Autumn 20050±94 19780±114 4845±69 6078±252 16155 2473±447 
HTC 200 2287±1019 162±5 2232±305 8151±1010 1437 2920 
HTC 250 554±32 230±23 4224±231 13799±656 846 2661 
L. Hyp’ Winter 44092±087 36659±1741 8228±370 12209±88 38908 3617±21 
HTC 200 8602 514 3866 20909 10011 6698 






5.3. Production of high quality bio-coal from early harvested Miscanthus by 
hydrothermal carbonisation 
5.3.1. Introduction 
Miscanthus is a perennial bio-energy crop which is currently being commercially 
utilised in both Europe and the US. Miscanthus is viewed favourably as an energy crop, 
as being a C4 perennial rhizomatous grass, it offers enhanced carbon fixation, high water 
use efficiency and a rhizome which can store key nutrients to be utilised in early spring 
offering higher yields along with low fertilizer and pesticide requirements [328].  
Current bio-energy applications for Miscanthus are largely focused on thermal 
conversion routes such as combustion, however such routes have feedstock quality 
requirements, with the fuel parameters set by the combustion system design. For 
Miscanthus to best fit the combustion quality requirements, it is conventionally harvested 
during the late winter or early spring in the UK, after which the crop has fully senesced 
and nutrients have been remobilised into the rhizome. Harvesting at that time tends to 
result in a fuel with a reduced above ground crop moisture content compared to that 
harvested at the peak of the growing season [329]. Also, the combined effect of leaf loss 
and nutrient translocation leads to a reduction in alkali metal content in the biomass in 
spring [330]: with Kahle et al., [331] reporting that the nitrogen, phosphorus and 
potassium content of the crop harvested late was 61 %, 64 % and 55 % respectively of 
that harvested in the autumn. 
While the winter / late harvesting of Miscanthus may increase thermal feedstock 
quality, late harvesting has an impact on net biomass yield. Typically, the maximum 
biomass yield occurs in the early autumn months just prior to senescence [330]. After 
this, the crop dies back and the leaves and stems break as the crop dries over the winter 
resulting in an estimated decline in dry matter yield of 27 kg ha-1 day-1 [332] reaching an 
estimated total 30 % decline of peak dry matter yield by the conventional harvesting time, 
which would represent a 43% increase in yield working back [333-335]. Moreover while 
late harvested Miscanthus samples have improved fuel quality, with lower nitrogen, 
chlorine, ash and alkaline metal content, the results presented in Baxter et al. [336] 
indicate that slagging, fouling and corrosion is still most probable in most crops. Thus, 
the reduction in nutrients brought about by overwintering is still insufficient to lead to 
safe combustion and leads to a significant decrease in dry yield.  
Delaying harvest until after senescence does have the advantage that the crop can 
remobilise key plant nutrients such as nitrogen into the rhizome for regrowth in the spring 
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and return some phosphorus and potassium to the soil through leaf fall [337, 338]. The 
longer term impact of continuous autumn harvesting is currently unknown, and there are 
concerns that earlier harvesting will prematurely exhaust the crop [335]. A number of 
studies have examined the impact of early harvesting on Miscanthus dry matter (DM) 
yields [330, 339, 340]. From these, there is some evidence that nitrogen management can 
play a role in ensuring sustainability of early cutting [330, 340]. In the scientific literature, 
two studies have demonstrated early harvesting of Miscanthus x giganteus can be 
performed for three to four consecutive years without seeing a noticeable drop in yield 
[330, 339]. One study identified a notable loss in yield in sites lacking nitrogen 
application [330]. A two-year study in Germany also found that Miscanthus x giganteus 
could tolerate early cutting [340], however without additional nitrogen, the yields were 
approximately half that of fertilised plots. In this case, the benefits of sustained yields 
must be offset though the moderate application of inorganic fertiliser [334]. Logistics of 
harvesting green crops should be similar to overwintered crops, with both crops harvested 
with forage harvesters. High moisture crops can pose storage difficulties due to microbial 
degradation and losses due to liquid effluent production and these factors would require 
further investigation [341].  
Whether Miscanthus is harvested ‘green’ in the autumn or later after winter, a 
biomass pre-treatment which improves the fuels ash chemistry appears to be a pre-
requisite for safe combustion and an autumn / green harvest will potentially achieve the 
highest possible yield per hectare. HTC appears an ideally suited pre-treatment for such 
an application as green harvested Miscanthus will have a high moisture content. 
Moreover, as demonstrated in Chapter 4 there is potential for a significant reduction in 
slagging, fouling and corrosion though the extraction of the alkali metals, along with 
chlorine. This section sets out to investigate the feasibility of using HTC to overcome the 
combustion limitations imposed by the inorganic chemistry of green/ early harvested 
Miscanthus while producing a high quality solid fuel for combustion, while increasing 
yields per hectare. 
5.3.2. Methodology  
5.3.2.1.Materials 
Samples of Miscanthus x giganteus were obtained from Rothamsted Research (co-
ordinates 51.801851, -0.366692 North). The crop used in this study is a naturally 
occurring triploid hybrid of diploid M. sinensis and a tetraploid M. sacchariflorus [342]. 
In autumn 2015, the crop was 22 years old. The site has a silty clay loam soil with flints 
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[343]. It was grassland for the majority of the previous 100 years and an adjacent 
Miscanthus crop had not responded (in terms of yield) to nitrogen fertiliser [344]. 
Therefore, no nitrogen or other fertilisers were applied. 
For this experiment, the crop was harvested on the 24th November 2015 just after 
the initial onset of senescence, with the winter / spring harvest collected 8th March 2016. 
The site had previously been harvested in March 2015 and had a recorded yield of 14.4 t 
DM/ha. This was the first time the crop had been cut in autumn.  
For this investigation, approximately 10 kg of crop was sampled at random as 
whole canes in both harvesting periods. Samples were shipped directly to the site of 
analysis. Upon receipt, the samples were split into a whole crop (leaves and stems), leaves 
only and stems only. Samples were then cut and homogenised in a garden shredder to a 
particle size of approximately 5 mm in diameter. The moisture content of the Miscanthus 
was calculated using a moisture oven following the procedure set out in BS ISO 
11722:2013. The samples were further split using a riffle splitter, with one half processed 
as received and the other half oven dried at 60 ˚C for 72 hours. For analytical purposes, 
samples were further ground and homogenised to below 100 µm in a cryomill (Retsch, 
Germany). 
5.3.2.2. Hydrothermal carbonisation 
HTC was performed using the modified 2000 ml Parr reactor described in Section 
3.2.2.  For each run a 10 % solids loading (dry basis) was used with a combined mass of 
1000 grams per run. HTC runs were performed on as received samples and oven dried 
samples, with the moisture content pre-determined and the biomass and deionised water 
corrected accordingly. The experiments were designed to ensure that each run contained 
an equivalent of 100 g of dry biomass. Other than sample loading, the runs were 
undertaken as described in Section 3.2.2.2. The bio-coal was allowed to air dry in a 
ventilated fume cupboard for a minimum of 48 hours, to gauge air dry moisture loss, and 
then oven dried at 60˚C overnight. 
5.3.2.3.Analysis 
5.3.2.3.1. Inorganic analysis 
Inorganic elemental composition was determined by two methods; wavelength 
dispersive X-ray fluorescence (WD-XRF) and Atomic Absorption Spectroscopy (AAS). 
For XRF analysis, the samples were analysed using the fusion disk method described in 
Section 3.6.8.1. Due to the high temperatures required for glass fusion; potassium, 
158 
 
sodium, calcium, magnesium were determined by AAS as the alkali metals are known to 
volatilise below 900°C thus XRF may underestimate their concentration, as specified in 
PD ISO/TS 16996:2015. For AAS analysis, samples were digested using the hydrofluoric 
acid method described in Section 3.6.1 and determined by AAS (Valiant, USA) using the 
methods described in Section 3.6.3. Chlorine within the feedstock and bio-coal was 
analysed by combustion in an oxygen bomb (Parr, USA) followed by determination using 
ion exchange chromatography (Dionex, USA). The method is described in Section 3.6.7 
and is consistent with BS EN ISO 16994-2016. 
5.3.2.3.2. Organic analysis, combustion properties and ash measurement 
Carbon, hydrogen, nitrogen, sulphur and oxygen content was determined using a 
Flash 2000 CHNS-O analyser (Thermo Scientific, USA), with the method described in 
Section 3.4.2. The volatile and fixed carbon component of the proximate analysis carried 
out using thermo-gravimetric analysis (Mettler Toledo, Switzerland) as described in 
Section 3.3.3. Ash content was determined using a muffle furnace, as described in Section 
3.3.2. Moisture content was determined using a moisture oven (Carbolite, UK) as 
described in Section 3.3.1. The calorific value was determined using Dulong’s Equation 
(see Equation 3.11). Figures are given to the appropriate base in accordance with ASTM 
D3180-15, with hydrogen and oxygen values corrected to account for moisture. Burning 
profiles, ignition, flame stability and burnout temperature were obtained by temperature 
programmed oxidation, as described in Section 3.8. 
5.3.2.3.3. Prediction of slagging and fouling behaviour 
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace in accordance with the standard method for the determination of ash melting 
behaviour (DD CEN/TS 15370-1:2006) using the methodology described in Section 
3.7.1. In addition, various slagging and fouling indices have been utilised with their 
equations 1-3 in Table 3.3. Their underlying theory and calculation methodologies given 
in Section 3.7.2. 
5.3.2.3.4. Resistance to Milling 
Resistance to milling was calculated using the Hardgrove Grindability Index (HGI), 




5.3.3. Results and discussion 
5.3.3.1.Influence of HTC on the bio-coal organic composition 
Table 5.7 shows the ultimate analysis results for both homogenised whole plants, 
key plant components and their corresponding bio-coals, Table 5.8 contains the mass 
yields, calorific values and proximate analysis for both homogenised whole plants, key 
plant components and their corresponding bio-coals. The results show a significant 
increase in carbon density for the 250°C treatments, with the 250°C bio-coals typically 
having around 70 wt% carbon. The hydrothermally treated leaves have slightly lower 
carbon densities due to the higher ash content. This increasing carbon density corresponds 
to an increase in the fuels energy density, with the HHV of the resulting bio-coal 
increasing from 18 MJ/kg (db) to 27 MJ/kg (db) for early and 18 MJ/kg (db) to 25 MJ/kg 
for conventionally harvested Miscanthus processed at 250°C. The HHV (gross calorific 
value) for the ‘as received samples’ were slightly higher at 28 MJ/kg for early and 26 
MJ/kg conventionally harvested Miscanthus. This would suggest a higher energy density 
fuel for the early harvested Miscanthus.  
Lower Heating Values (LHV) (net calorific value) have also been calculated for 
the fuels with the latter value taking into account the latent heat requirements for the water 
generated from the fuel bound hydrogen on a dry basis and, the water within the fuel and 
fuel bound hydrogen on an as received basis. Given in many combustion applications 
(e.g. coal power station) the latent heat is not recovered, LHV is often the more significant 
value, as it represents the overall energy available. The moisture contents given for the 
bio-coal in Table 5.8 are based on the moisture content after 48 hours of air drying. The 
moisture for the whole untreated Miscanthus is the moisture as received at the laboratory 
and the moisture for the unprocessed leaf and stems is post oven drying at 60˚C overnight. 
The LHV of the unprocessed green harvested autumn Miscanthus is 5 MJ/kg (a.r.); 
principally due to the 57.7 % moisture on harvesting. The same fuel, hydrothermally 
treated at 250 ˚C had a LHV of 26 MJ/kg (a.r.) after 48 hours air drying. 
The energy densification of the 250°C bio-coals are as a result of changes to the 
ratio of carbon and oxygen (O/C) in the fuel, with the carbon content increasing, while 
the oxygen and ash content decreases. The Van Krevelen diagram shown in Figure 5.5 
illustrates how the O/C and hydrogen to carbon (H/C) ratios of the bio-coals compare 
with coals and lignin [20]. The results show that the 250°C bio-coals have a more ‘coal 
like’ properties, with the O/C ratio predicting properties between lignite and bituminous 
coal, using coal data reported in Hatcher et al., [323]. The O/C ratios for the 250°C bio-
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coals are reasonably consistent for both early harvested and conventionally harvested 
crops, with the H/C ratios varying more between the two harvests.  
The early harvested Miscanthus, processed at 250°C, has a higher H/C ratio than 
the conventionally harvested Miscanthus processed at the same temperature. This 
variation could be due to changes in the composition of the feedstock, with the early 
harvested Miscanthus containing a higher proportion of leaf matter than when 
conventionally harvested. The results have shown that hydrothermally processing leaves 
at 250°C results in a higher H/C ratio, than processing stems of the whole sample. This 
change could be due to differences in biochemical composition, with the leaf matter 
containing a higher proportion of hemicellulose [345], thus increasing the amount of 
hemicellulose within the feedstock and altering the hydrothermal process chemistry. The 
leaf matter is also associated with a higher inorganic content, containing a greater 
concentration of alkali metals, alkaline earth metals and silicon (see Table 5.9). This 
higher H/C ratio was observed and discussed in Section 5.2.3.1 (see also Smith and Ross, 
[259]) and indicate these metals are having a catalytic influence bringing about higher 
H/C ratios. The potential mechanism for this would be the catalysis of liquid phase 
reactions accelerating the formation of low molecular weight compounds, for example 
formic acid, leading to decomposition and hydrogen donation [128, 142]. If alkali metals 
are bringing about this change, then it appears, temperature alone influences 
deoxygenation but temperature and metal content can influence fuel hydrogen. 
 
Figure 5.5. Van Krevelen diagram showing the bio-coals, unprocessed biomass, mineral 




The 200°C treatments result in more limited energy densification (with HHV of 
18.2 MJ/kg to 19.5 MJ/kg and 15.2 MJ/kg to 17.9 MJ/kg), without noteworthy increases 
in carbon density and reductions in oxygen density. The reduction in mass of 
approximately 25-30 % suggests decomposition of some of the biochemical components 
at 200°C without significant repolymerisation. This limited energy densification, on its 
own should however not dissuade from this treatment, for the removal of some of the 
biochemical components makes the fuel more grindable, with a substantial improvement 
in the fuels HGI which could lead to energy savings when grinding and improvements in 
flame stability if used in pulverised coal applications. Moreover when the ‘as received’ 
moisture content of the unprocessed Miscanthus is considered, the 200°C treatments give 
significantly higher LHV and could avoid, or at least reduce the need for thermal drying. 
Treatment of the ‘as received’ feedstocks increased the LHV from 5 MJ/kg (a.r.) and 8 
MJ/kg (a.r.) to 14 MJ/kg (a.r.) and 17 MJ/kg (a.r.) for the early and conventionally 
harvested Miscanthus respectively. This is principally due to the enhanced dewateribility 
of the bio-coal; due to its greater hydrophobicity [179].  
Removal of the oxygen containing functional groups is advantageous as these can 
act as bonding sites for cations, such as sodium, potassium, magnesium, calcium, in 
biomass and lower-rank coals [68]. It has been suggested that HTC reduces the fouling 
risk though the combination of decreased oxygen and volatile matter content of the bio-
coal [265]. Proximate analysis of the bio-coals in Table 5.8 shows that the volatile matter 
fraction is reduced from approximately 83 % for both early and conventionally harvested 
Miscanthus to approximately 60 % for the corresponding 250°C treated bio-coals.  
5.3.3.2.Influence of HTC on the bio-coal combustion chemistry 
Application of biomass in pulverised coal-fired power plants is discussed in 
Section 2.4.4, with the importance of combustion profiles and particle size discussed in 
Sections 2.4.4.1 and 2.4.4.2 respectively. One method for evaluating a fuels combustion 
behaviour is the Babcock and Wilcox TGA method, and this method is used in this 
chapter. A full description of this method is given in Section 3.8 but in essence, the 
method looks to identify differences in fuel burning characteristics (as shown by the 
burning profile). If the burning profiles are mismatched it could either result in a fuel 
burning in a way a furnace is not designed for or lead to poor burn interaction if co-fired 
(i.e. two fuels burning independently of each); either way resulting in an unstable flame. 
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Table 5.7: Elemental composition for both homogenised whole plants, key plant components and their corresponding bio-coals. 
  
% Dry Basis 
N (wt %) C (wt %) H (wt %) S (wt %) O (wt %) Ash (wt %) 
Whole Plant - Oven Dried 
Prior to Treatment 
Autumn Whole Plant Raw 0.7 ±0.0 52.2 ±0.5 5.2 ±0.1 0.1 ±0.0 38.7 ±0.4 3.1   ±0.0 
Spring Whole Plant Raw 1.4 ±0.2 46.2 ±0.2 5.3 ±0.3 0.1 ±0.0 44.9 ±1.4 2.1   ±0.1 
Autumn Whole Plant HTC 200 1.0 ±0.0 53.8 ±0.2 5.6 ±0.2 0.1 ±0.0 43.1 ±1.3 2.5   ±0.1 
Spring Whole Plant HTC 200 0.9 ±0.0 53.3 ±0.0 4.8 ±0.2 0.1 ±0.0 39.3 ±0.2 1.5   ±0.1 
Autumn Whole Plant HTC 250 1.3 ±0.0 69.7 ±0.3 4.8 ±0.2 0.1 ±0.0 21.9 ±0.1 2.2   ±0.0 
Spring Whole Plant HTC 250 0.9 ±0.0 70.7 ±0.4 3.5 ±0.6 0.1 ±0.0 23.2 ±0.4 1.4   ±0.0 
Plant Components - Oven 
Dried Prior to Treatment 
Autumn Miscanthus Stems Raw 0.6 ±0.0 48.9 ±0.0 4.7 ± 0.1 0.1 ±0.0 42.7 ±0.9 3.0   ±0.1 
Spring Miscanthus Stems Raw 1.0 ±0.1 48.3 ±0.4 4.7 ±0.4 0.1 ±0.0 43.6 ±0.1 2.3   ±0.2 
Autumn Miscanthus Stems HTC 250 0.9 ±0.0 70.9 ±0.4 5.0 ±0.0 0.1 ±0.0 21.4 ±0.1 1.7   ±0.1 
Spring Miscanthus Stems HTC 250 0.9 ±0.0 70.3 ±0.1 4.5 ±0.7 0.1 ±0.0 23.0 ±0.0 1.3   ±0.1 
Autumn Miscanthus Leaves Raw 1.3 ±0.1 48.6 ±0.6 5.3 ±0.7 0.1 ±0.0 38.3 ±1.5 6.4   ±0.4 
Spring Miscanthus Leaves Raw 1.8 ±0.0 47.7 ±0.3 5.0 ±0.4 0.1 ±0.0 41.2 ±0.1 4.1   ±0.2 
Autumn Miscanthus Leaves HTC 250 1.5 ±0.0 67.1 ±0.6 6.5 ±0.7 0.2 ±0.0 18.0 ±0.3 6.7   ±0.2 
Spring Miscanthus Leaves HTC 250 1.7 ±0.0 66.6 ±0.3 5.5 ±0.2 0.2 ±0.0 21.1 ±0.0 5.0   ±0.1 
Whole Plant - Treated as 
Received 
Autumn Whole Plant HTC 200 0.6 ±0.0 48.3 ±0.3 5.3 ±0.5 0.1 ±0.0 43.1 ±0.2 2.7 ±0.1 
Spring Whole Plant HTC 200 0.8 ±0.0 53.8 ±1.1 4.8 ±0.3 0.1 ±0.0 33.4 ±0.8 1.7 ±0.1 
Autumn Whole Plant HTC 250 0.8 ±0.1 72.3 ±0.7 5.2 ±0.1 0.1 ±0.0 19.4 ±0.7 2.2 ±0.4 



































 AI BAI Rb/a 




Autumn Whole Plant Raw n.a. 57.7a 18.2 7.7 17.1 5.1 84  ±0 12  ±0 0 ±0 0.31 0.02 0.90 
Spring Whole Plant Raw n.a. 33.6a 15.2 10.1 14.0 8.1 83  ±0 15  ±0 0 ±0 0.23 0.01 0.65 
Autumn Whole Plant HTC 200 76 4.4b 19.5 18.6 18.3 17.3 75  ±0 20  ±0 36 ±3 0.09 0.02 0.43 
Spring Whole Plant HTC 200 71 8.0b 17.9 16.5 16.8 15.2 81  ±0 17  ±0 25 ±0 0.11 0.03 0.29 
Autumn Whole Plant HTC 250 49 3.7b 26.5 25.5 25.4 24.4 59  ±0 39  ±0 142 ±1 0.07 0.03 0.44 






Autumn Miscanthus Stems Raw n.a. 7.7c 15.6 14.4 14.6 13.2 75  ±0 22  ±0 0 ±0 0.34 0.01 0.87 
Spring Miscanthus Stems Raw n.a. 7.1c 15.2 14.1 14.2 12.9 83  ±0 14  ±0 0 ±0 0.19 0.01 0.61 
Autumn Miscanthus Stems HTC 250 49 4.3b 27.4 26.2 26.3 25.0 58  ±0 41 ±0 144 ±1 0.06 0.13 0.51 
Spring Miscanthus Stems HTC 250 43 3.0b 26.1 25.3 25.1 24.2 56  ±0 43  ±0 145 ±2 0.05 0.03 0.73 
Autumn Miscanthus Leaves Raw n.a. 7.5c 17.2 15.9 16.0 14.6 83  ±0 11 ±0 1 ±0 0.36 0.02 0.19 
Spring Miscanthus Leaves Raw n.a. 7.1c 15.9 14.8 14.8 13.5 82  ±0 14  ±0 1 ±0 0.55 0.01 0.71 
Autumn Miscanthus Leaves HTC 250 45 4.1b 28.8 27.6 27.4 26.1 62  ±0 31  ±0 139 ±0 0.05 0.20 0.22 
Spring Miscanthus Leaves HTC 250 46 3.5b 26.6 25.7 25.4 24.4 58  ±0 37  ±0 144 ±2 0.09 0.05 0.27 
Whole Plant - 
Treated as 
Received 
Autumn Whole Plant HTC 200 76 7.1b 16.2 15.0 15.0 13.7 85  ±1 11   ±1 34 ±1 0.10 0.04 0.45 
Spring Whole Plant HTC 200 73 4.1b 19.1 18.3 18.0 17.2 85  ±1 11  ±3 25 ±0 0.10 0.02 0.39 
Autumn Whole Plant HTC 250 48 4.0b 28.4 27.3 27.3 26.0 60   ±1 38   ±1 151 ±1 0.05 0.04 0.41 
Spring Whole Plant HTC 250 49 3.0b 26.2 25.4 25.2 24.3 57   ±1 42   ±1 145 ±2 0.05 0.03 0.46 
n.a. not applicable; a)    as received; b)   moisture 48 hours after treatment; c)   oven dried at 60°C 
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Table 5.9. Fuel inorganic and heteroatom chemistry 
  
mg/kg fuel (db) 
Na K Mg Ca Mn Fe Al Si P S Cl 




Autumn Whole Plant Raw 660±30  3970 ±300 720±100 2150±200 80±<5 70±<5 80±<5 5370±50 410±5 860±30 4390±80 
Spring Whole Plant Raw 520±10 2360±80 830±120 2050±250 10±<5 30±<5 40±<5 5870±140 440±10 890±80 6300±270 
Autumn Whole Plant HTC 200 540±30 1440±20 590±40 1670±110 50±<5 30±<5 20±<5 6660±130 380±20 750±30 3440±10 
Spring Whole Plant HTC 200 280±40 1110±20 450±10  1000±10 70±<5 50±<5 50±<5 6940±230  470±10 590 2910 
Autumn Whole Plant HTC 250 360±30 1090±5 520±0 1760±100 70±<5 40±<5 30±<5 5750±70 720±20 850±30 1640±50 






Autumn Miscanthus Stems Raw 220±10 4120±40 810±40 2030±120 80±<5 30±<5 170±10 5210±80 490±10 600±20 4250±80 
Spring Miscanthus Stems Raw 300±10 2110±30 810±30 1430±80 80±<5 20±<5 n/d 5060±220 400±10 830±30 5560±100 
Autumn Miscanthus Stems HTC 
250 350±80 940±80 380±20 1760±100 60±<5 140±10 190±10 4480±130 680±20 960±40 2530±60 
Spring Miscanthus Stems HTC 
250 370±30 620±20 430±5 1360±40 50±<5 20±<5 n/d 2620±100 400±20 1030±30 5040±110 
Autumn Miscanthus Leaves Raw 1020±80 3970±30 720±20 2150±120 80±<5 70±<5 80±5 27330±800 410±20 900±30 5830±100 
Spring Miscanthus Leaves Raw 680±30 6470±80 1150±20 3390±240 130±<5 50±<5 50±5 10560±260 630±10 1250±50 7030±100 
Autumn Miscanthus Leaves HTC 
250 290±10 850±70 550±20 6940±100 150±<5 200±10 240±10 27330±410 1800±20 1670±30 2120±40 
Spring Miscanthus Leaves HTC 
250 280±10 1790±70 690±5 2360±100 160±<5 100±10 n/d 12760±130 2180±30 1970±80 1650±60 
Whole Plant - 
Treated as 
Received 
Autumn Whole Plant HTC 200 220±5 1050±10 360±10 1680±20 50±<5 50±<5 100±5 4870±130 440±20 760±20 2740±80 
Spring Whole Plant HTC 200 380±40 1170±20 470±10 920±10 50±<5 30±<5 n/d 5110±90 262±10 570±20 3140±200 
Autumn Whole Plant HTC 250 210±20 960±10 370±20 1830±30 60±<5 50±10 120±20 5420±150 674±60 860±20 2420±40 
Spring Whole Plant HTC 250 420±10 550±30 360±50 860±40 60±<5 30±<5 <10 3240±60 40±10 810±80 1330±100 
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Figure 5.6 shows the DTG curves for unprocessed Miscanthus, processed at 
200°C, samples processed at 250°C and a reference bituminous coal (Elemental 
Microanalysis B2306, batch 203830). Figure 5.6a shows the burning profile of the 
unprocessed early and conventionally harvested Miscanthus and compares the profiles to 
a reference coal. The unprocessed biomass has a distinctive two peak profile at 300°C 
and 440°C respectfully. Here you have an initial volatile burn, with thermal 
decomposition starting at round 200°C for conventionally harvested Miscanthus, peaking 
at 300°C. The rate of loss then reduces before the char ignites and with a peak burn 
temperature at 440 ºC. Coal on the other hand has almost a single stage whereby the 
volatile burn starts at the first initiation temperature, around 325°C, with a ‘shoulder’ on 
the curve before the onset of char combustion at the second initiation temperature due to 
the onset of char combustion, around 460°C, with peak temperature around 550°C. 
When firing this Miscanthus in a pulverised fuel application the first issue can 
arise within the pulverised fuel mill as thermal decomposition of the biomass needs to be 
avoided. Pulverised fuel mills generate heat through friction and energy requirements 
needed in milling and can operate in excess of 150°C. As shown in Figure 5.6a the 
Miscanthus starts undergoing thermal decomposition at approximately 200°C, where 
bituminous coal does not start until 325°C. The lower decomposition temperatures 
associated with many biomass fuels result in challenges in operation of the pulveriser 
mills and require lower temperatures compared to coal to avoid fuel decomposition.  
The second issue comes once inside the furnace and when trying to achieve a 
stable flame. When burning fuel, it is important to achieve flame stability to sustain the 
flame and ensure safe boiler operation. Differences in the nature different fuels burn (as 
shown by the burning profile) when co-fired can lead to poor burn interaction, with 
essentially the two fuels burning independently of each other. When this happens 
maintaining flame velocity (rate of burning) is challenging as the flame can move higher 
or lower in the furnace due to the mismatch, which can result in either blow off or flash 
back [187]. The mismatched burning profiles of the coal and the unprocessed Miscanthus 
in Figure 5.6a may lead to a poor burn interaction as ignition temperatures do not overlap 
bringing about challenges in maintaining flame velocity and flame stability. Flame 
stability can be further exacerbated by differences in particle size as large particle sizes 
can act as heat sinks, increasing the resonance time of the particle before ignition and 




Figure 5.6: Derivative thermogravimetric (DTG) burning profiles for: a) early and 
conventionally harvested unprocessed Miscanthus and bituminous reference coal 
(Elemental Microanalysis B2306, batch 203830); b) early and conventionally harvested 
unprocessed Miscanthus leaf and stem; c) early and conventionally harvested 
Miscanthus hydrothermally treated at 200°C; d) early and conventionally harvested 
Miscanthus hydrothermally treated at 250°C; e) early and conventionally harvested leaf 
and stem hydrothermally treated at 250°C; and f) conventionally harvested Miscanthus, 
unprocessed, hydrothermally treated at 200°C, hydrothermally treated at 250°C and 




For a stable flame and good fuel burn out in a pulverised coal operation, 
pulverisation of fuel to 70% below 75µm is typically required and the ease in which this 
can be achieved is indicated by the HGI. The HGI for the unprocessed Miscanthus and 
processed bio-coals are given in Table 5.8. The unprocessed Miscanthus has an HGI of 
zero, which essentially implies under the test conditions, that no fuel would reach the 
desired 75µm, and thus, assuming co-milling, there would be either a greater energy 
requirement for milling to achieve 75µm or the pulverised fuel particles would be greater 
than 75µm in diameter. The lower first initiation temperature of the unprocessed 
Miscanthus would to a certain extent offset a larger particle diameter as heat loss due to 
the greater heat sink would be balanced by the earlier heat release. This would however 
only apply to a point after which the larger particles, on drying and de-volatilization, will 
became entrained in the gas stream and move higher in the furnace while still burning. 
This will promote flame instability [68]. 
Figure 5.6f shows the combustion profiles of the conventionally harvested 
unprocessed Miscanthus, processed at 200 °C and 250 °C and the reference coal. The 
profiles show the influence of HTC treatment on the fuels combustion profiles. The 
samples processed at 200°C retain the distinctive two peaks at 300°C and 460°C brought 
about by independent volatile and char burnout, similar to that of unprocessed 
Miscanthus. The 200°C treated samples do however differ from the unprocessed samples, 
and exhibit a slightly higher initiation temperature, approximately 240 °C, most likely 
due to the hydrolysis and removal of the hemicellulose from within the fuel [185]. There 
is also a greater rate of mass loss observed at 300°C, due to an increased level of cellulose 
within the fuel. This may be beneficial and allow pulverising mills to be run at a higher 
temperature consistent with coal operation. The HGI of 25 (see Table 5.8) for the samples 
processed at 200°C suggests that the fuel will pulverise, albeit like a high resistance coal. 
For reference, a change in HGI from 15 to 43 represents a 50% reduction in the energy 
requirement for milling, so going from an HGI of zero to 25 would represent a significant 
energy saving [197]. Bio-coal exhibiting a HGI of 25 would bring about a smaller particle 
size within the furnace, reducing issues with flame stability. Solid fuels exhibiting lower 
volatile ignition temperature, may not need the same amount of size reduction required 
for pulverised coal applications as heating of the particle to the volatile ignition 
temperature is lower. This allows for a larger particle diameter when compared to coal 
firing, so firing should be possible even if 70% of the 200°C hydrothermally treated fuel 
mass fails to meet the 75µm, as typically required in pulverised applications. 
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Figure 5.6f also shows that the samples processed at 250°C, adopts a ‘coal like’ 
single stage combustion profile, albeit with a lower first initiation temperature at 270°C 
compared with 325°C, and a lower peak temperature around 480°C as opposed to 550°C 
for the bituminous reference coal. The volatile burnout is also more pronounced for 
Miscanthus processed at 250°C than for the bituminous coal due to the higher volatile 
matter content of the bio-coal. The higher volatile matter content of the bio-coal can 
nevertheless be beneficial as this, along with the lower initiation temperature, will 
promote early ignition of the total fuel mass when co-fired; leading to better and more 
complete combustion. This early ignition in turn can also be beneficial for nitrogen oxide 
emissions as it will consume additional oxygen, increasing the fuel staging effects of low-
NOx burners [68]. The HGI of 150 (see Table 5.8) for the samples processed at 250°C 
also imply that the fuel will easily pulverise and there should be limited  issues with flame 
stability brought about though larger particle diameters encountered with untreated 
biomass.  
Figure 5.6b shows the burning profiles of the unprocessed leaf and stem 
components. The burning profiles show differences between the stem and the leaf 
depending on the time of harvest, principally due to senescence and weathering degrading 
the plant biochemical components and removing inorganics, changing the ash content. 
These differences in composition also influence the burning profile of the bio-coal as 
shown in Figure 5.6e.  The autumn stems, the autumn leaves and spring leaves both 
exhibit a distinct volatile peak, which may suggest the presence of residual cellulose or 
increased reactivity of the volatiles. This may account for the higher energy densities seen 
in the early harvested samples. For the conventionally harvested stems treated at 250 ºC, 
a coal like single stage combustion profile is observed whereby the transition between the 
volatile release and initiation of char burn (second initiation temperature) is marked more 
by a ‘shoulder’ as opposed to a distinct peak. This happens despite only a modest 
reduction in volatile matter (Table 5.8). The autumn components also appear more 
reactive than the conventionally harvested components with reduced peak temperature in 
the char burnout. This is most likely due to the higher potassium content (see Table 5.9) 
catalysing the volatile burn [208].  
The two stage combustion profile described for the early harvested 250 °C plant 
component samples is also retained in the homogenised early harvest samples when 
compared with the conventionally harvested samples in Figure 5.6d. The 250 °C 
conventionally harvested samples displaying the single stage combustion profile similar 
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to the conventionally harvested stems treated at 250 °C. This change is brought about 
though a modest reduction in volatile matter content (Table 5.8), which brings about a 
slight change in the overall profile. Table 5.9  gives the inorganic content of the fuel, with 
the potassium content higher in the autumn samples. Higher potassium content is known 
to catalyse the volatile burn and could explain these differences [208] but the biochemical 
composition of the starting feedstock will be slightly different due to the higher proportion 
of leaf matter in the early harvested feedstock and needs to be also considered. Both these 
factors will influence the combustion profiles for the two unprocessed feedstock in Figure 
5.6a. Figure 5.6c shows the early and conventionally harvested Miscanthus treated at 
250°C and shows increased reactivity of the char burn in the autumn samples. The HGI 
appears reasonably constant for both the 200°C and 250°C treatments whether treating 
autumn or spring feedstock. 
5.3.3.3.Influence of HTC on the Miscanthus inorganic chemistry 
Inorganics can be a particular issue for Miscanthus, particularly early harvested 
Miscanthus, during combustion because of its tendency to corrode equipment and cause 
slagging, fouling and in certain furnaces bed agglomeration [336]. Figure 5.7 displays the 
deformation, hemisphere and flow temperatures for the autumn and spring whole plant 
unprocessed and treated at 200 °C and 250 °C. The safe combustion temperature is taken 
as the deformation temperature in Figure 5.7. Table 5.10 state the transition temperatures 
for all samples along with their standard errors. 
 
Figure 5.7. Ash Fusion Temperatures for the whole plant, oven dried prior treatment 
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Table 5.10. Ash fusion transition temperatures for both homogenised whole plants, key plant components and their corresponding bio-coals. 
Sample 
Onset Temperature (°C) 
Shrinkage Deformation Hemisphere Flow 




Autumn Whole Plant Raw 930 ±0 1040 ±15 1130 ±0 1180 ±0 
Spring Whole Plant Raw 960 ±0 1140 ±5 1170 ±0 1190 ±0 
Autumn Whole Plant HTC 200 1020 ±0 1150 ±0 1180 ±0 1210 ±0 
Spring Whole Plant HTC 200 900 ±0 1160 ±0 1180 ±0 1280 ±5 
Autumn Whole Plant HTC 250 850 ±0 1320 ±0 1450 ±5 1530 ±0 






Autumn Miscanthus Stems Raw 1050 ±0 1180 ±0 1190 ±0 1200 ±0 
Spring Miscanthus Stems Raw 990 ±0 1110 ±0 1140 ±0 1190 ±0 
Autumn Miscanthus Stems HTC 250 990 ±0 1300 ±0 1350 ±0 1370 ±0 
Spring Miscanthus Stems HTC 250 830 ±0 1250 ±0 1320 ±0 1360 ±5 
Autumn Miscanthus Leaves Raw 1050 ±0 1180 ±0 1190 ±0 1200 ±0 
Spring Miscanthus Leaves Raw 700 ±0 950 ±0 1020 ±5 1120 ±0 
Autumn Miscanthus Leaves HTC 250 1060 ±0 >1570      
Spring Miscanthus Leaves HTC 250 880 ±0 1390 ±0 1530 ±0 1570 ±0 




Autumn Whole Plant HTC 200 970 ±5 1150 ±5 1220 ±5 1270 ±5 
Spring Whole Plant HTC 200 990 ±5 1140 ±5 1200 ±20 1230 ±25 
Autumn Whole Plant HTC 250 850 ±100 1320 ±10 1450 ±25 1530 ±20 




The results show that the unprocessed early harvested Miscanthus behaves the 
most poorly in the AFT with the deformation temperature (i.e. safe combustion 
temperature) of only 1040°C. The conventionally harvested Miscanthus behaves better 
with a deformation temperature around 1140°C. The cause of this appears to be the higher 
potassium content within the fuel, relative to silicon content, in the unprocessed early 
harvested crop. Interpretation of this data requires some caution as despite the early 
harvested Miscanthus having the lower deformation temperature and the higher 
potassium content, the conventionally harvested crop has 2000 mg/kg more chlorine. 
Given the release of potassium depends more on the chlorine content than the potassium 
content alone [266], the corrosion and fouling potential may be higher for the 
conventionally harvested Miscanthus, with retention of potassium in the ash arguably 
more favourable. 
Hydrothermally treating the early harvested Miscanthus at 200°C appears to 
reduce the potassium content from 4000 mg/kg to 1000 mg/kg (see Table 5.9) and this 
increases the deformation temperature to 1150°C, however there is only a minimal 
improvement with the conventionally harvested Miscanthus treated at 200°C. This 
change is due to the reduction of potassium in the 200°C treated samples being 
accompanied by reductions in fuel silicon and calcium. Calcium has been shown to 
increase the silicon fluxing temperature [261] and consequently its removal will reduce 
the melting temperature, while the reduction in potassium will lead to an increase in ash 
melting temperature. Consequently, for the 200°C treated samples, the change in the 
potassium to silicon ratio is less than the overall reduction in potassium due to 
corresponding reductions in silicon. The reduction of calcium will reduce the buffering 
offered by the calcium, which reduces the fluxing temperature of silicon due to potassium. 
Thus, despite the lower potassium content, the silicon melts at a similar temperature due 
to an overall reduction in silicon and calcium. It should however be noted that despite 
little change in deformation temperature, the overall ash content has reduced for both 
200°C treated samples; this in turn changes the fuels from one with probable slagging and 
fouling to one which can be safely combusted according to the alkali index (See Table 
5.8). 
The 250°C treated samples exhibit a significant increase in transition temperature, 
with both the early and conventionally harvested Miscanthus increasing to 1320°C and 
1300°C respectively, leading to a noteworthy increase in the safe combustion 
temperature.  There is also a further increase in the hemisphere region with temperatures 
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up to 1450°C being observed (hemisphere temperature is reported as the upper limit for 
safe combustion by some authors). Of the early and conventionally harvested Miscanthus 
feedstocks, there appears to be a higher potassium content within the early harvested 
Miscanthus than conventional (approximately 1000 mg/kg and 600 mg/kg respectively) 
however the silicon content is also higher for the early harvested Miscanthus 
(approximately 5500 mg/kg and 3500 mg/kg respectively) and this appears to offset any 
fluxing brought about by the potassium. The early harvested Miscanthus also appears to 
contain a higher concentration of calcium and phosphorus, with the latter known to 
increase the thermal stability of potassium when present as potassium phosphate [200].  
The highest ash thermal stability was observed for the hydrothermally related 
leaves, with the early harvested leaf deformation temperature exceeding the furnace limit 
at 1570°C. This high thermal stability is exhibited due to the high silicon content within 
the leaves. Silicon is largely retained within the bio-coal while the high potassium content 
of the leaves is largely extracted. This would suggest that harvesting the Miscanthus with 
an increased leaf content, as is done with early harvesting, does not adversely influence 
the ash chemistry, but potentially enhances it. The energy density of the hydrothermally 
treated leaves is not too dissimilar to the energy density of the stems (27.4 MJ/kg (db) to 
28.3 MJ/kg (db)), and with similar HTC yields, the presence of leaves through early 
harvesting does not appear to have any adverse effect. In addition,  the leaves will improve 
the acid base ratio due to increased silicon within the ash (see Table 5.8), while increasing 
the feedstock yield by up to 40 % by avoiding overwinter dry matter loss [333, 334]. 
The bio-coals have been shown to undergo significant reductions in alkaline 
metals, most notably potassium, on a mass basis and this is also associated with reductions 
in fuel chlorine (see Table 5.9). The feedstock is already low in sulphur, containing 
typically 0.1 wt % (db) with limited change in concentration through treatment (see Table 
5.7 and Table 5.9). The inorganic analysis suggests that corrosion, associated with fouling 
should be reduced following treatment by HTC. The reductions in chlorine are however 
less than the reduction seen in comparable washing experiments, which have shown 
between 85 % and 100 % removal [43, 205, 264]. The assumption made in Chapter 4, 
published in Smith et al. [213] and assumed by subsequent authors, that, during HTC 
most chlorine within the biomass is extracted as demonstrated in washing experiments, 
may only in part be correct. The results suggesting there maybe other underlying chlorine 
retention mechanisms during HTC.  
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5.3.4. Conclusions  
The results indicate that the inorganic chemistry of the raw Miscanthus would 
bring about probable slagging and fouling, whether harvested early or late. The low 
grindability would also make size reduction challenging when combusting in pulverised 
coal applications. Accordingly, whether Miscanthus is harvested early or conventionally, 
a biomass pre-treatment that improves the fuels ash chemistry and ideally grindability, 
appears to be a pre-requisite. 
Hydrothermal carbonisation at 200°C showed only limited energy densification 
for both early and conventionally harvested Miscanthus. The HGI increases to 25, 
resulting in energy savings associated with grinding. HTC at 200°C reduces fuel alkali 
metal content, although additional reductions in fuel silicon and calcium result in only 
modest improvement in the ash deformation temperature, suggesting limited 
improvement in slagging propensity. Nonetheless, this should reduce the potential for 
deposit formation. This combined with a reduction in chlorine and low sulphur content 
of the fuel, should reduce fouling, active oxidation and corrosion. Slagging and fouling 
indices suggested safe combustion for both early and conventionally treated fuels. 
HTC at 250°C results in a significant increase in carbon density and removal of 
oxygen functionality, with the resulting bio-coal reaching a HHV ranging from 27 to 28 
MJ/kg for early and 25 to 26 MJ/kg for conventionally harvested Miscanthus.  The ‘coal 
like’ single stage combustion profile, coupled with a HGI of 150, suggests the fuel will 
be easy to pulverise, overcoming issues associated with flame stability enabling a good 
burn interaction if co-fired with coal. HTC at 250°C can overcome slagging issues and 
increase the ash deformation temperature from 1040°C to 1320°C for early harvested 
Miscanthus. The chemistry also suggests a reduction in fouling and corrosion propensity 
for both 250°C treated fuels. Reductions in fuel chlorine were however less than that 
reported in the washing literature, suggesting chlorine is in part retained during HTC as 
opposed to washed out as previously assumed. 
The results indicate that HTC at 250°C will valorise both conventional and early 
harvested Miscanthus. Harvesting and processing the crop early does not appear to have 
any adverse effect on the process yields and combustion properties of the resulting fuel. 
While the longer term agronomic impacts of early harvesting needs to be fully understood 
and optimum harvesting time determined, the combustion implications of early 
harvesting appear to be overcome by HTC and could provide a coal like bio-fuel with 
increased yields up to 40% per hectare due to avoidance of overwinter dry matter loss. 
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6. The influence of retention time on bio-coal combustion chemistry 
6.1. Abstract 
In this chapter, Miscanthus was hydrothermally carbonised at 200 °C and 250 °C, 
with varying retention times, from zero hours to 24 hours to understand what impact 
increasing retention time has on the resulting fuel’s inorganic chemistry. The results are 
also used to establish a baseline to assess the additional impact of process water recycling 
on bio-coal yield and fuel properties, as discussed in the following chapter. Increasing 
retention times brought about dehydration of the fuel. However temperature appeared the 
more important variable, as after 24 hours at 200 °C the fuel had similar in properties to 
that of the 250 °C+0h bio-coal. After one hour, cellulose appears to be largely removed 
from the 250 °C bio-coal. This dehydration, repolymerisation and cellulose removal 
brings about a ‘coal like’ combustion profile, with decreasing reactivity with increasing 
retention time. This should aid combustion in existing pulverised coal power plants. 
Alkali metals are largely extracted at low retention times, but undergo further extraction 
with increasing retention times. Phosphorus and sulphur appear to undergo substantial 
extraction at 200 °C+0h but appear reincorporated with increasing retention time. Fuel 
chlorine is reduced with increasing retention time. Silicon content increases within the 
bio-coal with increasing severity, while calcium appears to reduce within the 250 °C bio-
coal after one hour, thought to be due to organic acid leaching. Increasing reaction 
severity brings about a decrease in fuel fouling and slagging propensity, as demonstrated 
by the ash fusion test and various slagging and fouling indices.  
6.2. Introduction 
Retention time vary throughout the literature with some reports using residence 
times from less than five minutes to up to several days. However many studies which 
have looked into metal retention / removal have used 5 minute retention times, for 
example Reza et al. [76]. These short retention times may be favourable in terms of plant 
throughput but short retention times can impose kinetic limitations which prevent 
aromatization and repolymerisation [101]. It has been suggested by several authors that 
HTC is a two stage process with the initial hydrolysis reactions along with dehydration 
and decarboxylation reactions believed to have gone to completion by the time the hold 
temperature is reached [29, 98]. The advantage of retaining the reactor at temperature is 
it allows the ongoing repolymerisation of solved fragments in the liquid phase but this 
can also lead to the precipitation of insoluble salts [11]. Hoekman et al. [29] experimented 
with varying retention times with a spruce / fir mix and analysed the acids and sugars 
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present in the process water by IC and the mass yields and energy density of the chars. 
The results showed that sugars within the process water decreased as retention times 
increased, with organic acid increasing slightly but overall total organic carbon decreased 
which is indicative of repolymerisation. Furthermore, despite a small but noticeable 
decrease in mass recovery, energy content was shown to increase with residence time. 
Kruse et al. [99] demonstrated that increasing retention time at between 180 °C and 250 
°C reduced nitrogen content of the bio-coal. It is generally assumed that longer residence 
times generally increase reaction severity [11], however with residence time there appears 
to be a trade-off between the costs associated with retaining a process at temperature 
(influence on throughput, increased energy costs etc.) and an enhanced product. 
A number of authors in HTC have combined both the temperature and pressure 
parameters into a single factor known as the severity factor and is given in Equation 6.1 
[84, 101-103]. The severity factor being the logarithm of the reaction ordinate; a reactivity 
a factor developed by Overend and Chornet [104] to characterize hydrolytic 
depolymerisation processes during wood pulping and similar operations. The principle 
dictates that similar products can be achieved through either increased retention times at 
a lower temperature or increased temperature with lower retention times. The equation is 
advantageous when predicting hydrolytic depolymerisation processes and will be suited 
to ‘hydrothermal torrefaction’ applications but becomes limited when you consider 
kinetic limitations imposed by aromatization and repolymerisation. Consequently shorter 
reaction times influence chemical composition of the products and simply operating 
hotter may not overcome this [101]. Influence of particle size, and solids loading are 
additional factors that will influence the required residence time, as both diffusion-
controlled transport mechanisms during biomass decomposition and condensation 
polymerisation are likely to govern the overall rate of reaction. 
Severity Factor = Log (time (min) * e [(temp (°C) -100)/14.75] (6.1) 
In this research Miscanthus was hydrothermally carbonised at two temperatures 
200⁰C and 250⁰C, with varying retention times, from zero hours to 24 hours to understand 
what impact increasing retention time has on both the fuels organic and inorganic 
combustion chemistry. This chapter is written to co-inside with Chapter 7, and the results 
presented in this chapter are used to establish a baseline in order to assess what additional 




6.3. Methodology  
6.3.1. Materials 
Samples of Miscanthus giganteus were obtained from Rothamsed Research. 
Samples were initially cut garden shredder then further homogenised in a cutting mill 
(Retsch, Germany) using a 4 mm grate. Samples were then oven dried at 70 ˚C for 72 
hours before processing.  
6.3.2. Hydrothermal carbonisation 
HTC was performed using the modified 2000 ml Parr reactor described in Section 
3.2.2.  For each run a 10 % solids loading was used with a combined mass of 1000 grams 
per run and undertaken as described in Section 3.2.2.2. The bio-coal was allowed to air 
dry in a ventilated fume cupboard for a minimum of 48 hours, to gauge air dry moisture 
loss, and then oven dried at 60˚C overnight. 
6.3.3. Analysis 
6.3.3.1.Inorganic analysis 
Inorganic elemental composition was determined by two methods; wavelength 
dispersive X-ray fluorescence (WD-XRF) and Atomic Absorption Spectroscopy (AAS). 
For XRF analysis, the samples were analysed using the ash pressed pellet and lithowax 
binder method Section 3.6.8.2.1. The potentially volatile alkali and alkaline earth metals 
were determined by AAS analysis. Samples were digested using the hydrofluoric acid 
method described in Section 3.6.1 and determined by AAS (Valiant, USA) using the 
methods described in Section 3.6.3. Chlorine within the feedstock and bio-coal was 
analysed by combustion in an oxygen bomb (Parr, USA) followed by determination using 
ion exchange chromatography (Dionex, USA). The method is described in Section 3.6.7. 
6.3.3.2.Organic analysis, combustion properties and ash measurement 
Carbon, hydrogen, nitrogen, sulphur and oxygen content was determined using a 
Flash 2000 CHNS-O analyser (Thermo Scientific, USA), with the method described in 
Section 3.4.2. The volatile and fixed carbon component of the proximate analysis carried 
out using thermo-gravimetric analysis (Mettler Toledo, Switzerland) as described in 
Section 3.3.3. Ash content was determined using a muffle furnace, as described in Section 
3.3.2. Moisture content was determined using a moisture oven as described in Section 
3.3.1. The calorific value was determined using Dulong’s Equation (see Equation 3.11). 
Figures are corrected in accordance with ASTM D3180-15, with hydrogen and oxygen 
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values corrected to account for moisture. Burning profiles, ignition, flame stability and 
burnout temperatures were obtained by TPO, as described in Section 3.8. 
6.3.3.3.Prediction of slagging and fouling behaviour 
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace in accordance with the standard method for the determination of ash melting 
behaviour (DD CEN/TS 15370-1:2006) using the methodology described in Section 
3.7.1. In addition, various slagging and fouling indices have been utilised with their 
equations 1-3 in Table 3.3. Their underlying theory and calculation methodologies given 
in Section 3.7.2. 
6.3.3.4.Process water analysis 
The carbon content of the process water was analysed using a total organic carbon 
analyser (TOC) (Hach, Germany) (see Section 3.10.1). Free ionic salts within the process 
waters were analysed by ion exchange chromatography (Dionex, USA) (see Section 
3.10.2). Due to the complex nature of the process waters, a qualitative overview of the 
organic compounds present in the process waters was obtained using water corrected 
deuterium oxide spiked protonated nuclear magnetic resonance (NMR) (Bruker, USA), 
as described in Section 3.10.5. Peaks were identified by developing a reference library 
using range of pure reference standards at known concentrations (Sigma-Aldrich, USA) 
and cross checked using data provided in Pretsch et al., [310] and AIST spectral database. 
This method appears consistent with methods used by Berge and co-workers in [128, 141, 
346]. Volatile compounds were further analysed by GCMS (Shimadzu, Japan) through 
direct injection onto 30 meter 0.25 mm RTX-Wax column (Restek, UK). This method 
appears consistent with methods of process water analysis used by Baccile, Titirici and 
co-workers [301, 307, 308]. Details on the GCMS method and its development given in 
Section 3.10.4. Reliable quantitative data via HPLC appeared unattainable in this 
instance. pH was determined using a digital probe meter (Hach, USA). 
6.3.3.5.Gas phase analysis 
Gas analysis was undertaken using a gas chromatograph (Shimadzu, Japan) fitted 
with a molecular sieve 5A 60-80 mesh and Hayesep N 100-120 mesh with argon carrier 
gas, 250 µl sample loops and TCD detectors, as described in Section 3.12. 
6.3.3.6.Volatile component analysis 
Volatile component analysis was carried out via pyrolysis-GCMS (CDS analytical, 
USA; Shimadzu, Japan) using a 60 meter 0.25 mm RTX-1701 column (Restek, UK). All 
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samples were routinely analysed in duplicate at 550 °C using 20 °Cms-1 heating rate and 
the pyroprobe operating in trap mode. In addition the samples processed at 250 °C with 
differing retention times, and run 1, 5 and 9 at 250 °C underwent multistage desorption’s 
at 250 °C, 400 °C and 600 °C, with these temperatures corresponding to observed changes 
in DTG profiles obtained by the TGA proximate and oxidation programs. 
6.4. Results 
6.4.1. Influence of retention time on the bio-coal organic chemistry 
The yields, energy density, proximate and ultimate analysis of bio-coals derived 
from differing retention times are given in Table 6.1. The results show for both 
temperatures, increasing retention time increases carbon density, reduces oxygen density 
and increases energy density. The results given in Table 6.1 would suggest that the bio-
coal after 24 hours is similar to that of a bio-coal treated at 250 °C without a retention 
time. This said when the hydrogen and oxygen atomic ratios are plotted against carbon in 
a Van Krevelen diagram, given in Figure 6.1; it is shown that a more coal like material is 
obtained at 24h at 200 °C, than 0h at 250 °C. This result is constant with the calculated 
‘severity factor’ given in Equation 6.1 and now adopted by a number of authors in HTC 
whom seek to combine both the temperature and pressure parameters into a single factor 
[84, 101-103]. 
 




Table 6.1: Yields, energy density, proximate and ultimate analysis of bio-coals derived from differing retention times 
Temperature Retention 
% Dry Basis 
HHV 
MJ/kg Yield Nitrogen Carbon Hydrogen Oxygen Ash Volatile Matter 
Fixed 
Matter 
Unprocessed   0.7 52.2 5.2 38.7 3.1 84.5 12.3 18.2 
HTC 200 
0h 67 0.7 51.8 5.6 39.5 2.4 80.4 16.0 18.5 
1h 65 0.7 53.6 5.3 38.2 2.2 77.4 18.9 18.9 
4h 64 0.7 55.3 5.5 36.0 2.4 74.7 21.7 20.1 
8h 61 0.7 57.6 5.3 34.3 2.1 71.9 25.2 20.9 
24h 56 0.8 61.1 5.2 30.5 2.5 65.7 31.1 22.6 
HTC 250 
0h 52 0.6 59.2 4.9 32.9 2.3 69.1 27.9 21.1 
1h 46 0.8 65.5 4.7 26.2 2.8 58.1 38.2 24.2 
4h 44 0.8 71.6 4.8 20.1 2.7 53.5 42.3 27.5 
8h 43 0.8 73.4 4.7 18.6 2.5 51.7 44.1 28.2 




It is important to recognise that while energy density increases, mass yields 
decrease, predominantly due to the removal of oxygen from within the fuel. The results 
presented in Figure 6.1 suggest dehydration is the predominant mechanism for oxygen 
and hydrogen removal increasing retention time. The decreasing mass yield has overall 
influence on the overall energy yield, with energy yield defined as the resulting fuels 
energy multiplied by the mass yield. The results show for the zero and one hour holds 
energy yields are around 68% and 61 % for the 200 °C and 250 °C treatments. Between 
one hour and four hours, the energy yield appears to increase, after which it appears 
reasonably consistent at around 70% at 200 °C and 67% at 250 °C, for the remaining 
treatments. For the 250 °C treatments there appears be an advantage in increasing 
retention time up to four hours due to the improvement in energy yield. Given increasing 
retention, times will decrease reactor/ plant throughput and invariably increase energy 
input due to heat losses, appropriate techno-economic assessment would be required. The 
increased production costs would have to be offset with energy savings brought about 
through haulage savings and handling improvements would be required to offset the 
likely higher cost of production. The severity factor given in Equation 6.1 also 
demonstrates that by increasing temperature retention time can be reduced, thus the 
improvement in energy yield seen after four hours in the 250 °C treatments, could be 
achieved by a shorter retention time at higher temperature. This said kinetic limitations 
resulting from shorter reaction times influence chemical composition of the products and 
simply operating hotter may not overcome this [101].  
The increasing retention time also increases the fixed carbon content of the fuel. 
Results show the fixed carbon content increases at a rate greater than that of mass loss 
during the hydrothermal process for all but the zero and one hour 200 °C treated bio-
coals, which from now will be referred to as HTC 200+0h and HTC 200+1h respectively. 
For the 200 °C treated bio-coals, the increasing fixed carbon yield indicates some of the 
fixed carbon is being derived from the condensation and repolymerisation of oligomers 
and monomers derived though the hydrolysis of hemicellulose and cellulose, which are 
readily degraded at temperatures of 180 °C and 200 °C respectively [71]. Lignin, of which 
content is closely correlated with fixed carbon content of raw biomass [347], is likely 
recalcitrant at 200 °C, being a cross linked phenolic polymer, degradation is more often 
associated with higher temperatures in the range of 230 °C to 260 °C dependent on 
retention time [28, 75, 76]. Consequently the lignin fraction is likely to remain within the 
200 °C bio-coal, with possibly only limited removal of the hydroxy, methoxy and alkoxy 
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functional groups associated with its benzene units [25]. Accordingly, based on the 
literature the fixed carbon within the HTC 200+0h bio-coal, is likely derived 
predominantly of lignin. With increasing retention time water insoluble humic 
substances, often referred to as humins, are formed from the degradation and 
repolymerisation of cellulose and will make up a greater proportion of the fixed carbon 
[348]. These Humins are similar to that of the humic acids which are the thermal 
degradation products of lignin [25]. Pyrolysis GCMS has been undertaken analysis of the 
200 °C derived bio-coals and the results are given in Figure 6.2. The results show with 
increasing retention time there are increasing concentrations of methyl furans (peaks 1 
and 2), which are constant with humin formation via aldol addition or condensation of 
Hydroxymethylfurfural (5-HMF) and furfural like compounds [309]. Increasing retention 
times also brings about increasing conentrations of methyl and ethyl phenols (peaks 5, 
21, 23, 25, 26 and 30), which indicate an increase in the humic substances within the bio-
coal.  
Interestingly all 200 °C bio-coals contain levoglucasan (peak 38), a pyrolysis 
product of starch and cellulose [349], indicating that the cellulose has not fully degraded 
after 24 hours at 200 °C. While this study does not attempt to quantify the aqueous 
products within the process water, given it is extremely difficult to determine which 
chemical reactions take place [301]. Total organic carbon (TOC) is given in Table 6.2 
and shows a progressive decline in carbon concentration within the process water with 
increasing retention time and GCMS and H-NMR has been utilized to gain a qualitative 
overview of the changes within the process water. Figure 6.3 gives a GCMS trace of the 
predominant volatile fatty acids (VFA) within the process waters, and Figure 6.4a and 
Figure 6.4b gives an overview of the organic compounds present. Figure 6.4a shows that 
for HTC at 200 °C acetate salt is the overwhelming organic product within the process 
water, acetic acid (not to be confused with acetate) is at the greatest concentration of the 




Figure 6.2: Pyrolysis GCMS spectra of volatile organics evolved at 550 °C from bio-coals treated at 200 °C with varying retention times. ((1) 2-methyl 
furan; (2) 2,5 dimethyl furan; (3) propanediol; (4) toluene; (5) 3-methyl phenol; (6) pentanoic acid; (7) cyclopentanone; (8) butanediol; (9) dimethylpyrazole; (10) 2-furanmethanol; 
(11) ethylhexaldehyde; (12) 1,3dimethylcyclopenten-3-one; (13) cyclopentadione; (14) 2-furan carboxadehyde; (15) 1methyl-1-cyclopenten-3-one; (16) furanone; (17) amino-3-
pyridinol; (18) 3-methyl cyclopentanedione; (19) phenol; (20) 2-methoxyphenol; (21) 2-methyl phenol; (22) 2-cyclopenten-1-one: (23) 4-methyl phenol; (24) creasol; (25) 4-ethyl 
phenol; (26) 4-ethyl-2methoxy phenol; (27) dihydrobenzofuran; (28) 4-hydro-3-methyl acetophenone; (29) eugenol; (30) 2,6, dimethoxyphenol; (31) isoeugenol; (32) 
triethoxybenzene; (33) vanillin; (34) trimethoxytoluene; (35) dimethoxy acetophenone; (36) trimethylacealdehyde; (37) methoxy eugenol; (38) levoglucasan) 
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Initially the process water appears to be predominantly comprised of 
oligosaccharides, monosaccharides (glucose, fructose and maltose through isomerization, 
along with pentose) and aldehydes derived from the hydrolysis of cellulose and starch 
[79-81]. These compounds are readily decomposed giving rise to acetic acid [82, 83] 
bringing about the rapid drop in pH to 3.4 to 3.5 for the 200 °C treatments (see Table 6.2). 
As retention time is increased to HTC 200+1h TOC drops and acetate becomes 
overwhelmingly the main compound found in the NMR spectra. Due to the dominance 
of the acetate peak the acetate peaks at 2.0 ppm have been subsequently removed in 
Figure 6.4b to gain a better understanding of the changes in other components. At HTC 
200+1h the 5-HMF becomes increasingly dominant, along with pyridinol, an organo-
nitrogen compound, possibly derived from nitro-benzoamine (Figure 6.2 peak 19) in the 
raw biomass, furfural and formic acid in the VFA analysis. 5-HMF and furfural 
compounds being products which arise from the dehydration and fragmentation of the 
glucose, fructose and maltose derived from the starch and sugar [85, 86, 350].  
Table 6.2: Total organic carbon, alkali and alkaline metals, chlorine, phosphate, 




Na Mg PO4 SO4 Cl K Ca TOC 
HTC 200 
0h 4 17 250 286 415 486 357 12637 3.54 
1h 6 50 193 229 1106 634 395 10935 3.41 
4h 6 18 209 277 498 526 442 8837 3.49 
8h 4 18 176 242 477 494 403 8210 3.44 
24h 5 37 169 209 477 487 183 7536 3.49 
HTC 250 
0h 5 56 292 274 354 482 227 12029 3.30 
1h 11 78 251 312 354 572 173 11946 3.30 
4h 6 65 274 281 390 474 282 10913 3.27 
8h 6 55 325 270 388 474 227 9707 3.28 
24h 5 41 370 262 351 521 324 8812 3.35 
As retention time increases furfural appears not to be present in high 
concentrations within the process water, with pyridinol, acetic acid and 5-HMF appearing 
to be the main VFA products in the process water. Relatively low concentrations of 
furfural could be due to the furfural generated quickly decomposing to the VFA, 
aldehydes and phenols present [351], or quickly reacting with the monosaccharides 
present in the process water, forming the insoluble humins though polymeric 
condensation [350] making up the non-lignin derived char. The low yields could also be 
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due to the presence of the acetate and acetic acid within the process water, as 
acetyalization lowers the conversion yield of furfural from pentose [150].  
Acetyalization is also known to reduce the reactivity of 5-HMF though protection 
of the formyl group, reducing polymeric condensation reactions with monosaccharides 
which would otherwise form humins (char) [150] increasing the resonance of 5-HMF in 
the process water. A reduction in the 5-HMF relative to pyridinol and reduction in TOC 
up to HTC 200+24h, combined with an increase in methyl furans in the corresponding 
Py-GCMS data (Figure 6.3), does however suggest that over increased retention times at 
200 °C the 5-HMF is incorporated into the char by via aldol addition and/or condensation 
[309]. The low levels of levulinic acid and formic acid, common decomposition products 
of 5-HMF [270], indicate that under these conditions the 5-HMF does not decompose 
further to levulinic acid, unlike the 250 °C treatments (also shown in Figure 6.3), hence 
it appears to be reincorporated into the char. 
 Figure 6.4b does show the presence of formate which could suggest that formic 
acid formed during the hydrothermal process reacts with inorganics within the biomass 
to form metal formates. The NMR data also suggests the presence of formic acid but the 
GCMS analysis suggests that the formic acid is actually formic acid methylethyl ether / 
isopropyl fromate which gives proton shifts at both 1.28 and 8.01ppm and consequently 




Figure 6.3: CGMS spectra of volatile fatty acids within of HTC process waters from 




Figure 6.4a: H-NMR spectra of HTC process waters from 200 °C treatment at different 
retention times  
 
 
Figure 6.4b: H-NMR spectra of HTC process waters from 200 °C treatment at different 
retention times without acetate peak 
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For the 250 °C treatments TOC, given in Table 6.2 also shows a progressive 
decline in carbon concentration within the process water with increasing retention time. 
The py-GCMS results show a change in chemistry, with the loss of the large levoglucasan 
peak (peak 38), seen in all the HTC 200 °C treatments and the HTC 250+0h bio-coal (see 
Figure 6.5). While a small levoglucasan peak remains in the further four treatments with 
increasing retention time, the results imply that the cellulose is predominantly degraded 
after one hour at 250 °C (HTC 250+1h) and a recalcitrant fraction of cellulose remains 
despite increasing retention time. The presence of a large levoglucasan peak in HTC 
250+0h implies that while cellulose degrades at and above 200 °C [71] there are still 
kinetic limitations, limited by reaction time, at 250 °C.  
VFA analysis of the process water for HTC 250+0h, given in Figure 6.3, and 
indicates significant production of 5-HMF is high at this higher temperature and short 
retention time. At HTC 250+0h. The 5-HMF does however appear to be decomposing at 
250 °C, with the appearance of the levulinic acid peak in the HTC 250+0h spectra. VFA 
analysis for HTC 250+0h process water indicates that there is reasonably low 
concentrations of formic acid but formic acid methylethyl ether / isopropyl fromate is 
present, suggesting that the formic acid quickly forms metal formates once produced.  
By HTC 250+1h the VFA data shows the 5-HMF peak is largely gone, replaced 
with a levulinic acid peak and the appearance of the valeric acid peak. This shows that at 
250 °C, 5-HMF is converted to levulinic acid and other compounds and is only an 
intermediate product at this temperature. The presence of 5-HMF in the HTC 250+0h 
process water would be due to the residual cellulose being present, producing 5-HMF at 
a rate greater than its conversion to levulinic acid or simply at the short retention time 
there is kinetic limitations, limiting its further conversion. This is significant as authors 
such as Kambo et al. [115] state that 5-HMF is a value added product in the process water 
of HTC 225 °C and HTC 260 °C. These results would suggest the 5-HMF detected by 
Kambo et al. [115] at 260 °C is more likely as a consequence of their fast heating rate and 
short retention time (>10 C°min-1, <5 minutes) not fully converting the cellulose. 
Detection of levulinic acid at HTC 190 °C but no 5-HMF in Kambo et al. [115], could 
however indicate the compound reported as 5-HMF is actually a different compound and 
miss-identified by their HPLC method. In HTC 250+1h there is no visible formic acid 
peak, although formate is the third largest peak in Figure 6.6b, behind acetate and methyl 




Figure 6.5: Pyrolysis GCMS spectra of volatile organics evolved at 550 °C from bio-coals treated at 250 °C with varying retention times. ((1) 2-methyl 
furan; (2) 2,5 dimethyl furan; (3) propanediol; (4) toluene; (5) 3-methyl phenol; (6) pentanoic acid; (7) cyclopentanone; (8) butanediol; (9) dimethylpyrazole; (10) 2-furanmethanol; 
(11) ethylhexaldehyde; (12) 1,3dimethylcyclopenten-3-one; (13) cyclopentadione; (14) 2-furan carboxadehyde; (15) 1methyl-1-cyclopenten-3-one; (16) furanone; (17) amino-3-
pyridinol; (18) 3-methyl cyclopentanedione; (19) phenol; (20) 2-methoxyphenol; (21) 2-methyl phenol; (22) 2-cyclopenten-1-one: (23) 4-methyl phenol; (24) creasol; (25) 4-ethyl 
phenol; (26) 4-ethyl-2methoxy phenol; (27) dihydrobenzofuran; (28) 4-hydro-3-methyl acetophenone; (29) eugenol; (30) 2,6, dimethoxyphenol; (31) isoeugenol; (32) 




Figure 6.6a: H-NMR spectra of HTC process waters from 250 °C treatment at different 
retention times 
 
Figure 6.6b: H-NMR spectra of HTC process waters from 250 °C treatment at different 
retention times without acetate peak 
For the 250 °C treatments methyl ether is the predominant proton after acetate in 
NMR analysis of process water, although based on this data it is unclear if it is in the form 
190 
 
of functional groups on larger compounds or as a metal methoxide. Valeric acid, which 
is present from HTC 250+1h onward in Figure 6.3 is a product of the hydrogenation of 
the levulinic acid, by either hydrogen or formic acid [271]. As retention time increases 
acetic and acetate become the increasingly dominant organic compounds in the process 
water based on GCMS and NMR data. With increasing retention time the levulinic acid 
peak appears to become less pronounced, with valeric acid becoming the most dominant 
VFA after acetic acid. With a progressive decline in carbon concentration within the 
process water with increasing retention time, this result could suggest that some of the 
levulinic acid is undergoing hydrogenation to valeric acid [271], while some is levulinic 
acid is undergoing oxidation to acetic acid [352], with the oxygen liberated from the 
biomass. Gas analysis was undertaken of the head gas for all runs but poor separation in 
early runs meant quantification of the data set was not possible (due to carbon dioxide 
poisoning of the Hayesep column giving poor peak resolution). The results did however 
show the appearance and distinct increase in gaseous oxygen and hydrogen in the head 
gas, with increasing retention time. This goes against the common assumption that the 
head gas is carbon dioxide but similar results have been stated in Lu et al. [128]. VFA 
such as formic acids are known to decompose to hydrogen under hydrothermal conditions 
[353] and possibly play a role in the hydrogenation of other VFA.  
Figure 6.7 shows the pyrolysis/ devolatilisation behaviour of the 250 °C treated 
bio-coals generated under varying retention times and Figure 6.8a-c multistage py-GCMS 
desorption’s at 250 °C, 400 °C and 600 °C respectively. Figure 6.7 show that at pyrolysis 
temperatures below 250 °C the bio-coals with extended retention time, (i.e. from HTC 
250+1h) appear to have an early devolatalisation peak. Based on the Py-GCMS data this 
appears to be different in composition to the unprocessed Miscanthus, which at this 
temperature largely devolatilises methoxy-butadiene (peak 11) and benzylamine (peak 
19), while the bio-coals appear to devolatilise methyl-cyclopenten-1-one (peak 6), 
dimethoxy-butedimine (peak 11), benzofuran (peak 12) and a series of phenols and 
methyl-phenols (peaks 13 to 18). These compounds are often associated with the thermal 
decomposition of lignin; however, such compounds are not seen to devolatilise in the 
unprocessed Miscanthus until between 400 and 600°C. This would suggest that these 
devolatilised phenols are either phenolic fragments of hydrolysed lignin liberated by the 
hydrothermal process or the humin products from aldol addition or condensation of 5-




Figure 6.7: Weight loss and first derivative for the devolatilisation of bio-coals 
carbonised at 250 with varying retention times 
At pyrolysis temperatures around 250 °C, the unprocessed Miscanthus and HTC 
250+0h bio-coal start strongly devolatilizing. Figure 6.8b shows the compounds 
devolatilised between 250 °C and 400 °C. While there are some common compounds 
visible in all samples, for example phenol (peak 16), 2-methoxy phenol (peak 17), 2,3-
dihydro benzofuran (peak 21), 4 hydroxy-3-acetophenone (peak 22) and 2,6 dimethyl 
phenol (peak 24); generally the unprocessed Miscanthus has a different volatile chemistry 
to the bio-coal. HTC 250+0h displays some peaks common with the unprocessed 
Miscanthus (acetic acid (peak a), isobutylacetic acid (peak d), 2-methoxybutenol (peak 
e), pyrolidethylamine (peak f), propanediol (peak g), furfural (peak h), furanmethanol 
(peak i), cyclopentanone (peak 11) and levolglucasan (peak o)), as well as the phenolic 
and furfural peaks associated with 250 °C bio-coals with longer retention times. This will 
indicate that at this sample, while partially carbonised, is less maturated than the 250 °C 
bio-coals with longer retention times. For HTC 250+1h some cyclopentanone (peak 11), 
is still present, which is not present in the bio-coals with longer retention times. Likewise 
the methyl furan and dimethyl furans present in HTC 250+0h and HTC 250+1h (the likely 
a product of humin formation via aldol addition or condensation of 5-HMF and furfural 
like compounds [309]), appear to reduce indicating these furans get further aromatized to 











































































































Unprocessed mg IORT 250+0h mg IORT 250+1h mg IORT 250+4h mg




Figure 6.8a: Volatile organics evolved below 250 °C from bio-coals treated at 250 °C with varying retention times. ((1) pentenol; (2) acetic acid; (3) dihydro-
dioxin; (4) propanoic acid methyl esther; (5) furfural; (6) 2-methyl-2-cyclopenten-1-one; (7) ethanone; (8) cymene; (9) furancarboxyldehyde; (10) 5 methyl-2-furancaboxaldehyde; 
(11) dimethoxybutedimine; (12) benzofuran; (13) phenol; (14) 2-methyl phenol; (15) 4-methyl phenol; (16) cresol; (17) 4-ethyl phenol; (18) 4-ethyl-2-methoxy phenol; (19) 2-
methoxy-N-N-dymethyl benzoamine; (20) 2-methoxy-4-propyl phenol; (21) 2,6 dimethyl phenol; (22) eugenol; (23) trimethoxybenzene; (24) vanillin; (25) 2-furyl-5-methyl furan; 




Figure 6.8b: Volatile organics evolved between 250 °C and 400 °C from bio-coals treated at 250 °C with varying retention times. ((1) 2, methyl furan; (2) 
2-propenoic acid 2-hydroxy ethyl esther; (3) 2,5 dimethyl furan; (4) toluene; (5) 4 methyl phenol; (6) methyl-3-octyne; (7) dimethoxy butane; (8) cyclohexanol; (9) cyclopenten-1-
one; (10) acetylfuran; (11) cyclopentanone; (12) methylcyclopenten-3-one; (13) benzenediol; (14) 3-methyl cyclopentanone; (15) phenol; (16) 2-methyl phenol; (17) 4-methyl 
phenol; (18) cresol; (19) 4-ethyl phenol; (20) 4-ethyl-2-methoxy phenol; (21) 2,3-dihydro benzofuran; (22) 4 hydroxy-3-acetophenone; (23) eugenol; (24) 2,6 dimethyl phenol; (25) 
eugenol; (26) 2 dihydro-2-methyl benofuran; (27) isoeugenol; (28) trimethoxybenzene; (29) trymethoxy-5-methyl benzene; (30) acetophenone; (31) dimethoxy phenone; (32) 
methoxyeugenol; a) acetic acid; (b) dihydrodioxin; (c) bioxirane; (d) isobutylacetic acid; (e) 2-methoxybutenol; (f) pyrolidethylamine; (g) propanediol; (h) furfural; (i) 




Figure 6.8c: Volatile organics evolved between 400 °C and 600 °C from bio-coals treated at 250 °C with varying retention times. ((1) Ethylcyclobutane; (2) 
Pentane; (3) Amino methyl propanol; (4) 2, methyl furan; (5) 2 ethyl butanal; (6) 2,5 dimethyl furan; (7) Valeric acid; (8) Octene; (9) Toluene; (10) Ethanone; (11) 
Trimethylimidazole; (12) Undecyonic acid methyl esther; (13) Ethylbenzene; (14) Xylene; (15) P-xylene; (16) 2-Cyclopenten-1-one; (17) Methyltoluene spp.; (18) Methyl 
cyclopentanone; (19) Triethylbenzene; (20) Fumeric acid ethyl esther; (21) Methoxy methyl benzene; (22) Indene; (23) 3-Methylcyclopenten-1-one; (24) 1-ethyl-4-methoxy 
benzene; (25) Acetonitrile benzene; (26) phenol; (27) 2-methyoxy phenol; (28) 2-methyl phenol; (29) Dimethyl phenol; (30) Cresol; (31) Creasol; (32) 2-ethyl phenol; (33) 
Ethylguaiacol; (34) 5-ethyl cresol; (35) 2,3 Dihydrobenzofuran; (36) 4-hydoxy-2-methylacetophenone; (37) Dioxybezene; (38) Dimethoxy phenol; (39) Eugenol; (40) 
Trimethoxybenzene; (41) Levolgucasan; (a) Cyclopentenone; (b) Hydroxy-3-methyl cyclopenten-1-one) 
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The presence of large levoglucasan peaks in the 400 °C and 600 °C Py-GCMS 
data (Figure 6.8b and Figure 6.8c) indicate the presence of cellulose within the 
unprocessed Miscanthus and HTC 250+0h. This would indicate that the bigger 
devolatilisation peaks, for the unprocessed Miscanthus and HTC 250+0h, which peak at 
360 °C and 400 °C respectively on the DTG in Figure 6.7, will largely be cellulose. While 
the volatile chemistry of the two materials are not directly comparable, it is possible that 
the peak shift toward higher devolatilisation temperatures is, in part, due to reductions in 
alkali metal content within the fuel [160, 207-209, 212]. While fuel inorganics are 
discussed in detail in Section 6.4.2 and Section 6.4.3, data presented in Table 6.3 suggests 
alkali metals reduce after HTC and further reduce with increasing retention times. The 
400 °C and 600 °C Py-GCMS data (Figure 6.8b and Figure 6.8c), indicate beyond HTC 
250+4h the volatile chemistry of the 4, 8 and 24 hour 250°C bio-coals are all similar. Data 
presented in Figure 6.7, indicate devolatilisation temperature continues to increase with 
increasing retention time and this is in part brought about though reduced catalysis due to 
the reduction in alkali metals. It should be noted that the py-GCMS will not detect gaseous 
compounds in trap mode so carbon monoxide, carbon dioxide and other gaseous products 
devolatilised will not be detected but will account for at least part of the weight loss 
observed in Figure 6.7.  
The devolatilisation of compounds released between 400 °C and 600 °C is given 
in Figure 6.8c. At this temperature the fragments from the lignin fraction within the 
unprocessed Miscanthus appears to devolatilise and the six profiles look distinctly 
similar, with largely phenolic compounds evolved. Slight differences arise with a large 
levoglucasan peak (peak 41) particularly prevent for HTC 250+0h, and the 
cyclopentenone (peak a) and hydroxy-3-methyl cyclopenten-1-one (peak b) present 
which are present in the untreated Miscanthus and HTC 250+0h. For the longer retention 
time samples there are increasing numbers of small peaks after 20 minutes on the GCMS 
spectra; with the mass spectrometer indicating increasing concentrations benzo-alcohols 
and phenolic acids with differing functional groups, brought about through increasing 
retention time.  
6.4.2. Influence of retention time on the bio-coal inorganic chemistry 
The results of a metal, phosphorus, chlorine and sulphur analysis are given in 
Table 6.3. The result for the 200 °C treatments suggest that there is an initial decrease in 
inorganics within the biomass with the ash content given in Table 6.1, dropping from 3.1 
wt% (db) for the unprocessed Miscanthus to 2.4 wt% (db) for HTC 200+0h. While the 
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ash content, does not then significantly alter between treatments, varying between 2.1 and 
2.5 wt% (db), the inorganic composition of the biomass and ash changes considerably, as 
shown in Table 6.3. The main change is the increase in concentration of silicon while the 
potassium continues to decrease with increasing retention time. Sodium appears to 
increase but is only present in the feedstock in low concentrations so extrapolating this to 
feedstocks with higher sodium concentrations should be done with caution.  
Phosphorus appears to initially be extracted into the process water in HTC 200+0h 
but then steadily increases with increasing retention time. This suggests that it is 
incorporation of phosphorus into the bio-coal with increasing retention time. A similar 
trend is observed for the heteroatom sulphur, while the inverse is observed for the 
heteroatom chlorine, which is further reduced with increasing retention time. Chlorine 
exists within biomass in the form of water soluble ionic salts (NaCl, KCl, CaCl2, MgCl2 
and ionic chloride (Cl-)) [37, 38] with the ionic salts often making up a large proportion 
of the total inorganics within the starting biomass. The reduction in chlorine is however 
in steady decline with increasing retention time while the sodium, potassium, and 
magnesium, are predominantly removed in the initial heating for the biomass. Potassium 
undergoes continued decline over time, with the majority removed by the 200°C 
treatment with no retention time.  
Calcium only undergoes limited removal and increases its relative concentration 
within the biomass. It is possible that the chloride is retaining an association with the 
calcium retained within the bio-coal. It is also likely that the sodium, potassium, and 
magnesium, are forming acetate and formate salts (as Figure 6.4a and Figure 6.6a suggest) 
and the residual chlorine is being retained through formation of week chlorine-hydrogen 
interactions with the hydrogens on the char [149]. This result does however support the 
findings in Section 5.3.3.3, which highlighted that the reductions in chlorine during HTC 
are less than the reduction seen in comparable washing experiments, which have shown 
between 85 % and 100 % removal [43, 205, 264]. The suggestion there may be other 
underlying roles retention mechanisms for chlorine during HTC appears correct and given 
the importance of chlorine in terms of combustion chemistry (see Section 2.5.2.3), further 
work is required on this. The assumption made in Chapter 4, published in Smith et al. 
[213] and assumed by subsequent authors, that, during HTC most chlorine within the 




Table 6.3: Inorganic and heteroatom analysis of bio-coals derived from differing retention times and their influence of slagging and fouling indices  
Temperature Retention 
mg/kg (Dry Basis) 
AI BAI R b/a 
Na Mg Al Si P S Cl K Ca Mn Fe 
Unprocessed  520 920 30 6890 700 1130 3590 3030 3530 110 40 0.27 0.01 0.78 
HTC 200 
0h 100 540 80 6550 290 690 2710 1120 4060 50 90 0.08 0.08 0.58 
1h 150 400 70 6150 350 750 1760 1130 2800 50 120 0.08 0.09 0.49 
4h 120 480 110 6620 610 970 1650 900 4030 70 110 0.06 0.12 0.55 
8h 140 470 60 6960 670 880 1370 840 3780 80 50 0.06 0.05 0.50 
24h 190 470 100 7610 690 1170 1530 740 3630 60 100 0.06 0.10 0.44 
HTC 250 
0h 140 440 120 6320 710 1290 3500 920 3100 70 110 0.06 0.11 0.48 
1h 90 530 190 7840 1150 1130 1720 1040 5280 80 140 0.05 0.14 0.57 
4h 120 460 120 6770 1100 1230 2010 890 3570 80 120 0.05 0.12 0.49 
8h 110 350 110 6000 1290 1020 1510 650 2180 90 90 0.04 0.12 0.37 




The data in Table 6.3 shows that with increasing retention time the ash becomes 
predominantly calcium – silicon based, which should improve ash stability. Likewise, the 
reincorporation of phosphorus in the char should further increase ash stability. The 
increased silicon content along with decreased potassium chloride content within the bio-
coal should also further reduce the fuels fouling propensity, as silicon oxide can also react 
with potassium chloride at high enough temperature forming potassium silicates (see 
Equation 2.5), abating the formation of gaseous potassium chloride [243-245]. This will 
be further aided by the phosphorus and calcium (see Equation 2.13, Equation 2.14 and 
Equation 2.15) [202, 242, 254]. Consequently the changes in inorganic and heteroatom 
chemistry with increasing retention time should reduce the fouling and the corrosion 
propensity of the fuel, increasing efficiency and reducing maintenance [201, 234].  
Figure 6.9 shows the ash transition temperatures of the 200°C bio-coals with 
increasing retention time. The results show as retention times increase the deformation 
temperature increases, up to HTC 200+8h. For HTC 200+24h the ash deformation 
temperature (and hemisphere and flow temperature) decreases when compared to HTC 
200+8h. The reduction in deformation temperature for HTC 200+24h appears to be due 
to an increase in silicon concentration within the fuel while the concentration of calcium 
reduces, altering the silicon to calcium ratio and the stasis brought about in the earlier 
samples. The removal of the calcium at longer retention times could be due to the 
presence of formic and acetic acids created with increasing retention time and discussed 
in Section 6.4.1 acid leaching the calcium. This result suggests that with increasing 
retention time at 200°C, there is an improvement in fuel slagging propensity, up to a point, 
after which organic acids generated within the process lead to increased removal of 
calcium and stasis brought about by the calcium. It is also possible that after 8 hours the 
continued dehydration of the bio-coal (see Figure 6.1) is reducing the oxygen functional 
groups on which calcium can bind, reducing the retention of calcium within the fuel. It is 
unclear at this point; whether it is these organic acids generated which are catalysing the 





Figure 6.9: Ash transition temperatures for a) HTC at 200°C with varying retention 
times, b) HTC at 250°C with varying retention times 
The result for the 250 °C treatments yield similar results to the 200 °C treatments, 
with the inorganic chemistry similar for HTC 200+0h and HTC 250+0h. Silicon is 
generally seen to increase with increasing retention time but whereas calcium content 
remained reasonably consistent in the 200 °C treatments, calcium content decreases with 
increasing retention time in the 250 °C treatments. Organic acid content within the 
process water increases with time so it appears likely that the increased calcium leaching 
with time is, in part, due to extraction by the organic acids created as part of the process. 
This said the pH appears to be buffered against the increasing organic acids with pH 
reaming reasonably consistent at pH 3.3 (see Table 6.2). Phosphorus appears to steadily 
increase with increasing retention time, although there is not the initial decrease seen in 
the 200 °C treatments, which would imply that phosphorus released on heating is 
reincorporated quickly into the bio-coal. Sulphur remains reasonably consistent in the 250 
°C treatments, with a slight decrease with increasing retention time. The sulphur content 
is however higher in the 250 °C treatments than HTC 200+24h, which implies sulphur 
released on heating appears to have been also reincorporated by the time 250 °C has been 
reached. Like the 200 °C treatments, the chlorine content steady declines with increasing 
retention time, with the chlorine content slightly higher than the 200 °C treatments. 
Critically the fuels higher energy content will offset the higher chlorine content.  
Figure 6.9 shows the ash transition temperatures for the 250 °C bio-coals and like 
the 200 °C bio-coals the ash fusion temperature increases with increasing retention time. 
A deformation temperature of 1330 °C was achieved within the one hour treatment, a 
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temperature reached between four and eight hours at 200 °C. The result should suggest 
that the severity factor given in Equation 6.1, ideally developed by Overend and Chornet 
[104] to characterize hydrolytic depolymerisation of wood may also apply to the fuels 
slagging propensity. While the 250 °C treatment produces a moderate improvement in 
deformation temperature, and thus the safe combustion temperature, it should be noted 
that there is a more substantial change in the hemisphere and flow temperature. This is 
evident with HTC 250+4h and longer not melting before reaching the furnace limit at 
1570 °C. This would be beneficial for combustion as it would mean that if the ash is 
exposed to heat exceeding the deformation temperature, ash melting would still be 
unlikely, further reducing fuel slagging potential.  
Table 3.3 gives slagging and fouling indices, which are based on the total alkali 
content of the fuel and as such are suited to biomass materials [205]. The results are given 
in Table 6.3 and show that the alkali index (AI) indicates that with the starting biomass is 
highly probable the fuel will slag and foul. The AI indicates all the hydrothermally treated 
fuels should be safe to combust in terms of slagging and fouling, with the results 
indicating for both the 200 ºC and 250 ºC treatments become progressively safer with 
increasing retention time. The acid base ratio (R b/a) indicates a similar trend. The bed 
agglomeration index (BAI) indicates a progressive improvement in the fuels 
agglomeration behaviour with increasing retention time but due to the low iron content 
within the initial biomass and within the bio-coals makes bed agglomeration appear 
likely. Iron does however appear to accumulate within the bio-coal so this could 
potentially be overcome with the blending and addition of a higher iron feedstock in the 
HTC process, which would increase the overall iron content within the fuel.   
In the HTC method used there was no additional washing of the bio-coals, with 
the bio-coal filtered from the process water and allowed to dry prior to analysis. Analysis 
of the process waters given in Table 6.2, would suggest the potential for residual metal 
and chlorine containing process water to be left with the char. Additional leaching of these 
alkali metals and chlorine maybe possible with the incorporation of an additional washing 
procedure post carbonisation. This should further enhance removal of alkali metals and 
chlorine and further reducing fouling propensity, if required. The impact of an additional 
water treatment on the energy content and energy yields has not been assessed in this 
instance, nor have water treatment options such as anaerobic digestion been considered. 
201 
 
6.4.3. Influence of retention time on the bio-coal combustion behaviour 
The concept of ‘design’ fuels and use of TGA and DTG analysis when comparing 
and evaluating fuels for blending to best match a boilers ‘design’ fuel has been introduced 
in Section 2.4.4 and fuel specific examples are given in section 5.3.3.2. Details on 
interpreting the data is given in Section 3.8. Figure 6.10 show the DTG curve for the 200 
°C hydrothermally treated fuels, while Figure 6.10a shows the burning profile of the 
unprocessed Miscanthus and a reference coal for comparison. The first main change is 
the change in the onset of the first initiation temperature, which is delayed from 190 °C 
to 270 °C, due the removal of hemicellulose in all the treatments [185]. The removal of 
the alkali metals, discussed in Section 6.4.1 and known to catalyse the decomposition of 
biomass [208] also appear to delay in the volatile burn peak temperature and the fixed 
carbon peak temperature for HTC 200+0h. 
As retention time increases the volatile burn peak temperature appears to advance, 
despite no notable increase in alkali metals within the fuel and likewise a reduction in 
calcium, which is also known to have significant catalytic influence on devolatilisation 
[211]. Consequently, it appears the increase in reactivity could be due to changes in the 
nature of the volatile material as opposed to shift in catalytic behaviour. Figure 6.2 shows 
that with increasing retention time there is a change in the composition of the volatile 
organics evolved and likewise Figure 6.8a has shown that hydrothermal treatment results 
in the formation and volatilization of 2-methyl phenol, 4-methyl phenol, 4-ethyl phenol, 
2,6 dimethyl phenol and vanillin amongst others at a pyrolysis below 250 °C.  
It should be noted that in the case of the 200 °C bio-coals and unprocessed 
Miscanthus, peak temperature is on the volatile burn as opposed to char combustion, seen 
in the coals and 250 °C bio-coals (excluding HTC 250+0h). With increasing retention 
time the second peak, which represents the onset and combustion of the char increases. 
This is fitting with the proximate analysis given in Table 6.1, which shows a decrease in 
volatile matter and an increase in fixed carbon with retention time. This trend continues 
with the 250 °C bio-coals shown in Figure 6.10c. In Figure 6.10c, the burning profile 
changes quickly from two distinct volatile and char burn peaks, as seen for HTC 250+0h, 
to a ‘coal like’ single stage combustion profile. With increasing retention time the volatile 
peak becomes increasingly less distinct and by HTC 250+24h the second initiation 




For all the hydrothermally derived fuels the first initiation temperature appear 
similar around 270 °C, with the second initiation temperature appearing to increase 
slightly from 380 °C for HTC 250+0h to 390 °C for HTC 250+1h to HTC 250+24h. The 
inverse is observed for the 200°C bio-coals. 
Peak temperature (char burn) also appears to increase from 390 °C for HTC 
250+0h to 460 °C for HTC 250+4h to HTC 250+24h. Burnout temperature initially 
advances from 530 °C observed in the 200 °C  bio-coals to 580 °C, which is consistent 
for HTC 250+1h to HTC 250+24h. The reference coal burns at a higher temperature than 
observed for the bio-coal, albeit with a similar burning curve to that of the longer retention 
time 250 °C bio-coal. The first initiation temperature being around 325°C, with the 
second initiation temperature around 460 °C, a peak temperature around 550°C and a 
burnout temperature at 650°C. The lower fuel characteristic temperatures of the 250 °C 
bio-coals can nevertheless be beneficial as this will promote early ignition of the total fuel 
mass, especially when co-fired; leading to better and more complete combustion. This 
early ignition in turn can also be beneficial for nitrogen oxide emissions as it will consume 
additional oxygen, increasing the fuel staging effects of low-NOx burners and lowering 
NOx emissions [68]. 
It should be noted that while increasing severity factor for HTC appears to offer 
greater flame stability, through a more coal like burning profile, particle size is as equally 
important parameter. In Chapter 5 (now published in Smith et al., [260]), an HGI of 25 
was demonstrated for HTC 200+1h Miscanthus, while an HGI 150 was demonstrated for 
HTC 250+1h Miscanthus. This result would suggest that the 200 °C samples should 
pulverise if burnt in a PF plant. Likewise it appears likely HGI will increase with reaction 
severity, due to decomposition, removal and repolymerisation of the fibrous cellulose that 
provides strength to the biomass (as shown in Figure 2.1). An HGI of 25 would suggest 
the fuel would pulverise similar to that of a high resistance coal. The HGI of 150 would 
imply that the fuel will easily pulverise and there should be limited issues with flame 
stability. The lower the first initiation temperature of the bio-coals would, to a certain 
extent, allow for larger particle diameter, as heat loss due to the greater heat sink brought 
about though the larger particle, would be balanced by the earlier heat release when using 




Figure 6.10: Derivative thermogravimetric (DTG) burning profiles for: a) unprocessed 
Miscanthus and bituminous reference coal (Elemental Microanalysis B2306, batch 
203830); b) Miscanthus hydrothermally treated  at 200°C with varying retention time 





Miscanthus was hydrothermally carbonised at 200 ⁰C and 250 ⁰C, with varying 
retention times, from zero hours to 24 hours to better understand the influence of retention 
time on the bio-coal inorganic and combustion chemistry. Increasing retention severity 
brings about increased dehydration of the fuel, with temperature appearing the more 
important variable, with the HTC 200+24h having similar properties to that of the HTC 
250+0h bio-coal. At 250 ⁰C, 5-HMF, a commonly reported product of HTC, is quickly 
consumed, either being converted into char or decomposing to levulinic acid, which 
undergoes further conversion to valeric acid within the first hour. After one hour the 250 
⁰C bio-coal continues to dehydrate, with evidence of repolymerisation of hydrothermally 
derived aromatics, with initially furanic then increasing aromatics observed with 
increasing retention time. By one hour most of the cellulose appears to have decomposed 
at 250 ⁰C, albeit levolglucosan is observed in small quantities at 24 hours during 
analytical pyrolysis.  
The dehydration, repolymerisation and cellulose removal at 250 ⁰C brings about a 
more ‘coal like’ combustion profile, with decreasing reactivity with increasing retention 
time. This should aid combustion in existing pulverised coal power plants. Alkali metals 
are extracted at low retention times, but appear to further decrease with increasing 
retention times. Phosphorus and sulphur appear to undergo substantial extraction at HTC 
200+0h but appear reincorporated with increasing retention time. Fuel chlorine is reduced 
with increasing retention time. Silicon content increases within the bio-coal with 
increasing severity, while calcium appears to reduce within the 250 ⁰C bio-coals after one 
hour, thought to be due to organic acid leaching. Increasing reaction severity brings about 
a decrease in fuel fouling and slagging propensity, as demonstrated by the ash fusion test 




7. The influence and implications of recycling hydrothermal process waters on bio-
coal combustion chemistry 
7.1. Abstract 
It is understood that recycling HTC process waters can catalyse the HTC reaction 
and can improve the yields at little or no cost. These process waters do however contain 
alkali metals, chlorides, sulphates and nitrogen based compounds initially extracted by 
the HTC process. These inorganics and heteroatoms can bring about issues in combustion 
but could also offer advantages in terms of catalysis during the reaction. In this chapter, 
Miscanthus has been hydrothermally carbonised at two temperatures 200 ⁰C and 250 ⁰C 
with the process waters recycled nine times and a retention time of one hour for each 
treatment. Recycling process waters brings about an increase in product mass yield at 
both treatment temperatures; for 200 °C treatments yields increase from 65% and stabilise 
at between 71 % and 73 % after four cycles. The 250 °C treatments increased product 
mass yield from 46 % to 57 %, and by the final run it appeared not to have reached a 
stable value. A modest increase in energy density was seen for the for the 200 °C 
treatments from 18.9 MJ/kg to 19.7 MJ/kg, and thus the overall energy yield increases 
from 68% to 77 % after four cycles. For the 250 °C treatments energy density increased 
from 24.2 MJ/kg to 28.9 MJ/kg on the ninth cycle. This increases the overall energy yield 
from 61% to 91 %.  
It is hypothesised that the recycled organic acids hydrolyse the hemicellulose and 
cellulose to furfural like compounds at a lower temperature and increase saccharide 
concentrations within the process water. This will favour aromatization and 
repolymerisation which better enables the decomposition products to undergo 
polymerization, which otherwise undergo further degradation to organic acids. It is 
proposed that the slow heating rate and hour long retention time overcome kinetic 
limitations imposed by faster heating rates and shorter retention times. After an initial 
improvement in fouling and slagging propensity brought about, through enhanced acid 
leaching of the fuel, recycling process water appears to have an adverse influence on the 
fouling and slagging propensity of the fuel. Mechanical water recovery and the 
incorporation of an additional washing procedure post carbonisation may however 
overcome this. The impact of an additional water treatment on the energy content, energy 




HTC is a biomass pre-treatment which uses hot compressed water to produce a 
high quality coal like solid fuel, often without the combustion limitations imposed by the 
starting feedstocks inorganic and heteroatom chemistry [76, 213]. In addition to the coal 
like product, HTC also produces an aqueous co-product, which contains about 10 to 15 
% of the original organic matter in the form of sugars and organic acids from the HTC of 
herbaceous and woody biomass [268]. In order to maximise resource efficiency and avoid 
generation of wastewaters, which would require treatment, there has been growing 
interest in the potential utilisation for the process waters. Potential options include: the 
extraction and purification of organic acids and certain sugars; the anaerobic digestion of 
the process waters; and recycling the process waters back into the HTC process [113-115, 
272]. The latter is of particular interest as it is understood that weekly acidic conditions 
improve the overall rate of reaction in HTC [26, 44, 118, 119, 121] and common organic 
acids generated, which include: acetic, formic, lactic and luvulinic acids have been 
identified as common reaction intermediates [11, 29], which, if added, act as reagents 
resulting in greater char yield [26, 44].  
Recycling of these acids back into the HTC process has been shown to catalyse 
the reaction and can improve the yields at little or no cost [113-115] and may even be one 
of the most efficient means of heat recovery [116]. These process waters however also 
contain alkaline metals, chlorides, sulphates and nitrogen based compounds initially 
extracted by the HTC process [76, 173, 213]. While accumulation of these inorganic and 
heteroatoms within the recycled process waters may bring about a catalytic effect, for 
example chloride is associated with increased HHV [48], inorganic and heteroatoms 
within the solid fuel can also bring about significant issues in terms of slagging, fouling, 
corrosion and airborne emissions during combustion [39]. The effect and potential 
implications of recycling process waters on the fuel’s inorganic chemistry has, until now, 
been overlooked. 
In this research Miscanthus, was hydrothermally carbonised at two temperatures 
200⁰C and 250⁰C, with the process waters were recycled nine times. The effect and 
potential implications of recycling process waters on the fuel’s organic, and inorganic 
combustion chemistry has been investigated. 
7.3. Methodology 
The methodology used for the recycling process waters is the same methodology 
used in the influence of retention time work presented in Chapter 6. This work is intended 
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to be read alongside the work presented in that chapter, with the influence of retention 
time work intended to establish a baseline to assess what additional impact of process 
water recycling has on the process chemistry. Consequently, with the exception of the 
HTC methodology, please refer to the methodology in Section 6.3.3 for details of the 
analytical techniques used. This study used the same Miscanthus giganteus obtained from 
Rothamsed Research used in Chapter 6.  
7.3.1. Hydrothermal carbonisation 
HTC was performed using the modified 2000 ml Parr reactor described in Section 
3.2.2.  For each run a 10 % solids loading was used with a combined mass of 1000 grams 
per run and undertaken as described in Section 3.2.2.2. Following the first cycle, 
approximately 20 ml of process water was then sampled and stored at -18 °C for analysis. 
The Pyrex reactor liner was then cleaned, dried and then filled with a subsequent 100 
grams of Miscanthus, the remaining process water from the previous run was then added 
and the combined mass made up to 1000 grams using deionised water, and the process 
repeated. The process water recycled nine times for each temperature. The bio-coal was 
allowed to air dry in a ventilated fume cupboard for a minimum of 48 hours, to gauge air 
dry moisture loss, and then oven dried at 60˚C overnight. Yields are defined as dry bio-
coal mass compared with original dry mass of unprocessed Miscanthus. 
Multistage desorption via pyrolysis-GCMS was undertaken at 250 °C, 400 °C and 
600 °C, for the runs 1, 5 and 9 at HTC 250 °C. 
7.4. Results  
7.4.1. Influence of recycling process water on the bio-coal organic chemistry 
The yields, energy density, proximate and ultimate analysis of bio-coal derived 
from recycling process waters are given in Table 7.1. The results show for both treatments 
increasing recycling process water increases the yield, with the mass yield for the 200 °C 
treatments increasing from 65% and stabilising at between 71 % and 73 % after four 
cycles. The mass yield for the 250 °C treatments increased from 46 % to 57 %, but on the 
9th and final run it appeared not to have reached equilibrium. Energy yields were also seen 
to increase for both treatments, albeit from 18.9 MJ/kg to 19.7 MJ/kg, for the 200 °C 
treatments, with the latter remaining reasonably consistent for runs two to nine. The slight 
increase in energy content combined with the increase in mass yields had a positive 
impact on overall energy yield, increasing from 68% to 77 % after four cycles. For the 
250 °C treatments, there was a more substantial increase in energy density, with the fuels 
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increasing from 24.2 MJ/kg to 28.9 MJ/kg on the ninth cycle. This energy densification 
appears predominantly due to the removal of oxygen, which is reduced from 26.2 % to 
16.6 % combined with an increase in carbon density, which goes from 65.2 % to 72.7 %. 
This increases the overall energy yield from 61% to 91 %. The 250 °C treatment results 
differ from the results from the 260 °C treatments presented in Uddin et al., [114] and 
Kambo et al., [115] where the mass yields stabilise on the fourth cycle and energy density 
within the bio-coal decreases after the fifth sample in Kambo et al., [115]. In these two 
studies retention time was limited to five minutes and consequently differences in results 
are likely down to the one hour retention time used in this work. The longer retention time 
influences the chemical composition of the products by not imposing kinetic limitations 
brought about though the shorter retention times. In Kambo et al., [115], the hotter 
conditions used appear not to have overcome the shorter retention time. The 200 °C 
treatment results presented here appear to sit between the 200 °C and 230 °C treatments 
with 5 minute retention times as presented in Uddin et al. [114] 
Figure 7.1 plots the change in hydrogen and oxygen atomic ratios against carbon 
in a Van Krevelen diagram and includes the influence of retention time data presented 
earlier. The results for the influence of retention time data suggest with increasing 
retention time dehydration is the predominant mechanism for oxygen and hydrogen 
removal. The 250 °C recycling treatment results however differ with H/C remaining 
consistent with increasing cycles but O/C reducing. This would suggest recycling process 
waters under these conditions is promoting decarboxylation. This differs from work 
presented in Stemann et al., [113] where it was demonstrated that recycling process waters 
at 220 °C for four hour retention times was catalysing dehydration. The 200 °C recycling 
treatment results in a reduction of O/C with increasing cycles but an increase in H/C. High 
H/C ratios appear to be associated with high alkali metal content within the process water 
as observed in the valorisation of algae and early harvested Miscanthus results in Chapter 
5 [259, 354]. Given extracted alkali metals accumulate within the process waters; it 
appears likely that H/C ratio is increasing because of increasing alkali metals under these 
reaction conditions. Based on the results it is however unclear if this is hydrogen from the 
formation of metal hydroxides or organic hydrogen. This result is however consistent 
with work by Patwardhan et al. [142] which showed that mineral salt addition may 
accelerate the formation of low molecular weight compounds, including formic acid 
known to act as a hydrogen donor in hydrothermal reactions. The results presented in Lu 
et al. [128] showed significantly more hydrogen was measured in the gas-phase when 
carbonizing in the presence of CaCl2 indicating conversion to hydrogen gas. Hydrogen 
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was detected in the reactor head gas, after repeated cycles, for both 200 °C and 250 °C 
recycling treatments, suggesting hydrogen donation from VFA such as formic acids 
accumulating in the process water [353].  
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Table 7.1: Yields, energy density, proximate and ultimate analysis of bio-coals derived from recycling process waters 
Temperature Cycle 
% Dry Basis MJ/kg 
(bomb) 






1 65 0.7 53.6 5.3 38.2 2.2 77.4 18.9 18.9 
2 69 0.7 54.7 5.4 35.9 3.3 75.2 20.0 19.8 
3 73 0.7 54.2 5.5 36.2 3.4 74.9 20.3 19.7 
4 71 0.8 54.1 5.5 36.0 3.6 73.2 22.3 19.7 
5 71 0.8 53.8 5.6 36.0 3.9 73.9 21.1 19.8 
6 73 0.9 54.3 5.1 35.8 3.9 74.0 21.0 19.3 
7 71 0.8 53.0 5.8 36.2 4.1 74.3 20.7 19.7 
8 73 0.9 55.7 6.2 33.5 3.6 71.6 24.1 21.7 
9 71 0.9 54.1 5.5 35.6 3.9 73.8 21.6 19.8 
HTC 250 
1 46 0.8 65.5 4.7 26.2 2.8 58.1 38.2 24.2 
2 51 0.7 66.8 4.8 23.4 4.2 57.1 38.0 25.3 
3 52 0.8 67.9 5.1 21.6 4.7 56.7 37.6 26.4 
4 52 0.8 69.4 4.8 20.3 4.7 57.8 37.0 26.7 
5 53 0.8 69.5 4.8 19.7 5.2 56.7 37.6 26.8 
6 53 0.8 71.1 4.9 19.0 4.2 57.1 38.5 27.6 
7 52 0.9 71.1 5.2 17.8 5.1 57.8 36.2 28.3 
8 55 0.8 71.2 5.0 17.8 5.2 57.5 36.8 28.0 





Figure 7.1: Atomic H/C-O/C rations of bio-coals derived from recirculation (RPW) and 
increasing retention times (RT) 
The results for the 200 °C and 250 °C recycling treatments induced a slight 
reduction in volatile matter and an increase in fixed carbon for the 200 °C treatment. 
When corrected on a dry ash free basis there is however little change in the volatile matter 
and fixed carbon in the 250 °C recycling treatments, but a modest decrease in volatile 
matter and a modest increase in fixed carbon for 200 °C recycling treatments. The 
difference between the ‘dry basis’ results and the ‘dry ash free basis’ results coming about 
because the ash content is increasing with successive treatments.  
7.4.1.1.200 °C Process chemistry 
For the 200 °C treated bio-coals, the increasing fixed carbon yield and increasing 
mass yield would indicate the increased mass is a product of condensation and 
repolymerisation of oligomers and monomers derived though the hydrolysis of 
hemicellulose and cellulose. It had been demonstrated previously in work by Lynam et 
al. [44] that addition of acetic acid to HTC, inhibits further acetic acid generation during 
HTC. Based on this, the hypothesis that the reactions producing acetic acid could be 
reversible reactions was developed; i.e. added acetic acid pushes the equilibrium in the 
direction of reduced acetic acid production possibly resulting in hemicellulose, from 
which acetic acid is largely derived [82, 120, 121], remaining within the char and 
improving yields [44]. Figure 7.2 shows a CGMS VFA analysis of the process waters and 
acetic acid appears the predominant VFA present within the process water. The increase 
in fixed carbon would however suggest that the increase in mass yield is not due to 
hemicellulose remaining within the bio-coal. The DTG of temperature controlled 
combustion of the 200 °C recycled bio-coals (given in Figure 7.3) also indicates 
hemicellulose it is not present within the recycled bio-coal, given there appears no volatile 




Figure 7.2: CG-MS spectra of volatile fatty acids within of process waters for the 200 
°C recycling treatments 
The presence of large amounts of acetate, as indicated within the protonated NMR 
analysis of the process water, would however suggest the presence of acetate salts within 
the process water (Figure 7.4a). It could appear that acetic acid, along with formic acid, 
formed during the hydrothermal process reacts with inorganics within the biomass to form 
metal acetates and formates. Metal acetates may not have the same influence acetic acid 
has on pushing reaction equilibriums in the direction of reduced acetic acid thus we don’t 
see the retention of the hemicellulose as reported by Lynam et al. [44] in the case of 
recycling process water. This is due to the addition of inorganic material through the 
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addition of unprocessed biomass with every cycle. Accordingly, it is possible that the 
inorganics within the biomass are catalysing the removal of acetyl groups from the fuel. 
TOC data given in Table 7.2 suggest that by cycle 3 in the 200 °C treatments TOC 
concentration within the process water remains reasonably constant at around 20,000 
mg/l. The results given in Figure 7.2 suggest that pyridanol accumulates within the 
process water but the relative concentrations of 5-HMF appear to reduce. The low levels 
of levulinic acid indicate that under these conditions the 5-HMF does not decompose 
further to levulinic acid and thus the 5-HMF appears to be reincorporated into the char. 
Like in the retention time samples, furfural, a compound known to arise from the 
dehydration and fragmentation of the glucose, fructose and maltose derived from the 
starch and sugar [85, 86, 350], appears only present in low concentrations within the 
process water.  
 
 
Figure 7.3: Derivative thermogravimetric (DTG) burning profiles for bio-coals derived 








Na Mg PO4 SO4 Cl K Ca TOC 
HTC 200 
1 11 78 251 312 354 572 173 10935 3.42 
2 17 199 477 581 553 1161 721 18197 3.41 
3 22 294 518 739 1070 1500 897 20680 3.45 
4 18 267 538 605 866 1532 737 18284 3.43 
5 21 322 986 814 1287 1898 989 22162 3.43 
6 17 268 481 571 969 1477 821 18660 3.42 
7 20 305 572 653 1077 1729 937 19973 3.43 
8 20 238 755 680 949 1656 834 19383 3.47 
9 19 283 676 618 1053 1592 880 20015 3.45 
HTC 250 
1 6 50 193 229 1106 634 395 11946 3.30 
2 14 138 393 494 1522 1207 877 20635 3.29 
3 18 216 404 587 2371 1605 1107 24837 3.29 
4 25 295 816 737 2718 2229 1540 30509 3.30 
5 29 408 841 827 3016 2760 1774 35853 3.30 
6 35 432 1193 907 3487 3015 1891 40246 3.28 
7 35 444 1140 789 3788 3164 1981 40664 3.29 
8 36 440 1353 850 4000 3156 1870 40262 3.28 
9 39 482  
 










Figure 7.4b: H-NMR spectra of HTC process waters 200 °C recycling treatments 
without acetate peak 
7.4.1.1.1. Proposed process chemistry for the 200 °C recycled bio-coals 
It is proposed that when the process waters are recycled, organic acids already 
present within the process water, generated in the previous cycle, would generate 
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hydronium ions which along with the high dissociation of H+ and OH- brought about 
under hydrothermal conditions which would promote and catalyse hydrolysis of the 
hemicellulose and cellulose giving rise to their corresponding monosaccharides. Given 5-
HMF and furfural (if it were present) would be already in the process water, there would 
be an enhanced chance that the 5-HMF and furfural would react with the newly created 
monosaccharides from the (hemi-) cellulose which would now be present in the process 
water. This reaction forms the insoluble humins though polymeric condensation which 
make up the char yield.  
Py-GCMS has been undertaken for the 200 °C recycled bio-coals and the results 
are given in Figure 7.5b. The results show the volatile chemistry only changes subtly over 
the cycles with the following compounds becoming prevalent: 2-methyl furan (peak 1), 
2,5 dimethyl furan (peak 2), 2-furanmethanol (peak 10), ethylhexaldehyde (peak 11), 
1,3dimethylcyclopenten-3-one (peak 12), cyclopentadione (peak 13), furanone (peak 16), 
3-methyl cyclopentanedione (peak 18), 2-methoxyphenol (peak 19), Dihydrobenzofuran 
(peak 27) and dimethoxyphenol (peak 30). This result is constant with humin formation 
via aldol addition or condensation of 5 furfural like compounds (5-HMF, furfural, 5-
methylfurfural etc.) [309]. The results also suggest at a reduction in levoglucasan (peak 
38) with increasing cycles, which would support the hypothesis that organic acids are 
catalysing the hydrolysis of the cellulose. This is further supported by the burning profile 
given in Figure 7.3, which, while showing a reduction in volatile burn, the peak shape 
remains ‘cellulose like’. Also, the pyrolysis data given in Figure 7.5b compares closely 
with the unprocessed Miscanthus (given in the same figure). This supports the assumption 
that the volatile material is predominantly from cellulose.  
In Figure 6.2 of the previous chapter it was observed that there were increasing 
relative concentrations of methyl and ethyl phenols (peaks 5, 21, 23, 25, 26 and 30) as 
retention times increased. This phenomena is not as pronounced for the 200 °C recycled 
bio-coals. This would suggest that the kinetics required for aromatisation and formation 
of aromatic clusters at this temperature is still retention time dependent. This is despite 
increasing concentrations of cyclic and heterocyclic compounds, brought about through 
process water recycling. 
Figure 7.4a and Figure 7.4b gives an overview of the organic compounds present 
using protonated NMR. Figure 7.4a shows that for 200 °C acetate salt is the main organic 
product within the process water and increases in overall concentration, in the subsequent 
run. TOC concentration within the process water remains reasonably constant after cycle 
218 
 
three and the acetate peak appears not to change relative to the other peaks after cycle 
three. In Figure 7.4b the acetate peaks at 2.0 ppm have been subsequently removed to 
gain a better understanding of the changes in other components. The results show that 
after the first cycle organic compounds with phenolic and aldehyde functional groups 
make a marked increase, within the process water. Monosaccharides and VFA within the 
process water also appear to diversify with the emergence of multiple peaks within their 
respective ranges. Acetyl and methyl ether functionalized compounds appear most 
abundant within the process water. The relative concentration of formic acids and formate 
appear reasonably unchanged throughout the cycles. 
7.4.1.2.250 °C Process chemistry 
For the 250 °C recycled process water bio-coal the dry ash free proximate analysis 
would suggest little change other than increasing ash content. Contrary to this though, the 
burning profile, given in Figure 7.6, shows a significant change in its combustion 
behaviour. The characteristic volatile peak, seen in Figure 6.10b profiles and Figure 6.10c 
combustion profiles for 250 °C treatment with zero and one hour retention times, becomes 
increasingly less distinct and by latter four cycles the second initiation temperature is 
marked more by the acceleration in weight loss as opposed to a second peak. 
Consequently, the bio-coal gains a more coal like burning profile with increasing cycles, 
with a similar burning profile to that seen for 250 °C treated bio-coal with 24 hour 
retention time. The 250 °C recycled bio-coals do not however have the increase in fixed 
carbon and the reduction in volatile matter observed for the 250 °C bio-coals with 
increasing retention given in Table 6.1. This appears due to the formation of a low 
temperature volatile peak starting around 100 °C and 270 °C whereby the first initiation 








Figure 7.5b: Pyrolysis GCMS spectra of volatile organics evolved at 550 °C from recycled process water bio-coals treated at 200 °C ((1) 2-methyl furan; 
(2) 2,5 dimethyl furan; (3) propanediol; (4) toluene; (5) 3-methyl phenol; (6) pentanoic acid; (7) cyclopentanone; (8) butanediol; (9) dimethylpyrazole; (10) 2-furanmethanol; 
(11) ethylhexaldehyde; (12) 1,3dimethylcyclopenten-3-one; (13) cyclopentadione; (14) 2-furan carboxadehyde; (15) 1methyl-1-cyclopenten-3-one; (16) furanone; (17) amino-3-
pyridinol; (18) 3-methyl cyclopentanedione; (19) phenol; (20) 2-methoxyphenol; (21) 2-methyl phenol; (22) 2-cyclopenten-1-one: (23) 4-methyl phenol; (24) creasol; (25) 4-ethyl 
phenol; (26) 4-ethyl-2methoxy phenol; (27) dihydrobenzofuran; (28) 4-hydro-3-methyl acetophenone; (29) eugenol; (30) 2,6, dimethoxyphenol; (31) isoeugenol; (32) 




Figure 7.6: Derivative thermogravimetric (DTG) burning profiles for bio-coals derived 
from recycling process water at 250 °C 
Py GCMS has been undertaken for the 250 °C recycled process water bio-coals at 
550 °C, with these results given in Figure 7.7b. The results show the cyclic and 
heterocyclic compounds observed in the 200 °C recycled process water bio-coal and 
constant with humin formation via aldol addition or condensation of furfural like 
compounds (5-HMF, furfural, 5-methylfurfural etc.), are present in the 250 °C recycled 
bio-coals. This said the relative concertation of 2-methyl furan (peak 1), 2,5 dimethyl 
furan (peak 2), cyclopentanone (peak 8), 2-methyl-2-cyclopenten-3-one (peak 9), 3-
methyl-1-cyclopentanedione (peak 11) and corylon (peak 12) reduce with increasing 
cycles indicating increased aromatisation. The pyrolysis products also become 
increasingly aromatic when compared with the 200 °C recycled bio-coal, as demonstrated 
by peaks 13 to 24, which are all phenolic. The phenolic peaks; phenol (peak 13), (14) 2-
methoxyphenol (peak 14), creasol (peak 17) dihydrobenzofuran (peak 21) and a series of 
benzene derivatives (peak 25) appear to increase in relative concentration within the 
volatile material, while 2-methyl phenol (peak 15), 4-methyl phenol (peak 16), 2-ethyl 
phenol (peak 19), 4-hydro-3-methyl acetophenone (peak 22), and triethoxybenzene (peak 
24) appear to reduce in relative concentration. This may suggest a change in group 








Figure 7.7b: Pyrolysis GCMS spectra of volatile organics evolved at 550 °C from recycled process water bio-coals treated at 250 °C ((1) 2-methyl furan; 
(2) 2,5 dimethyl furan; (3) propanediol; (4) toluene; (5) 3-methyl phenol; (6) ethylbenzene; (7) dimethylfulvene; (8) cyclopentanone; (9) 2-methyl-2-cyclopenten-3-one; (10) 
acetylfuran; (11) 3-methyl-1-cyclopentanedione; (12) corylon; (13) phenol; (14) 2-methoxyphenol; (15) 2-methyl phenol; (16) 4-methyl phenol; (17) creasol; (18) 4-ethyl phenol; 
(19) 2-ethyl phenol; (20) 4-ethyl-2methoxy phenol; (21) dihydrobenzofuran; (22) 4-hydro-3-methyl acetophenone; (23) 2,6 dimethoxyphenol; (24) triethoxybenzene; (25) benzene 
derivatives; (26) methoxy eugenol; (27) levoglucasan) 
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Levoglucasan, while present in first few cycles at gradually decreasing 
concentration, is not present in the latter cycles, indicating complete removal of cellulose. 
For the 250 °C treatments with increasing retention times (Chapter 6), levoglucasan was 
still present at 24 hours, albeit at decreasing concentrations with increasing retention time 
(see Figure 6.5), indicating residual cellulose at 24 hours. This would support the 
proposed mechanism that when the process waters are recycled, organic acids already 
present within the process water would promote and catalyse hydrolysis of the 
hemicellulose and cellulose giving rise to their corresponding monosaccharides.  
VFA analysis via GC-MS of the process waters is given in Figure 7.8. The 
concentrations of 5-HMF and furfural appear low within the recycled process water, with 
the majority appearing to have decomposed to levulinic acid, a common decomposition 
product of 5-HMF [270], along with valeric acid a hydrogenation product of levulinic 
acid [271]. The relative concentrations of the levulinic acid, valeric acid and pyridinol do 
not significantly change between cycles, and the relative concentration with respect to 
acetic acid decrease. TOC data given in Table 7.2 does however suggest that TOC 
concentration continues to increase throughout the 250 °C treatments peaking at 42,000 
mg/l in the ninth cycle, albeit the results suggest a decline in this increase after cycle five. 
Figure 7.9a shows that for the 250 °C cycles acetate salt is the overwhelming organic 
product within the process water. In Figure 7.9b the acetate peaks at 2.0 ppm have been 
subsequently removed to gain a better understanding of the changes in other components. 
The results, show reasonably limited change between the cycles with formate increasing 
in concertation with increasing cycles, supporting the hypothesis that formic acid and 
acetic acid leads to the formation of metal formate salts as inorganics are liberated from 
within the biomass. Whether the observed TOC increase after cycle five is due to, simply 
increasing acetate and formate would require further quantitative analysis of key 
compounds. The fact that the relative concentrations of the levulinic acid, valeric acid and 
pyridinol do not significantly change between cycles would suggest that decomposition 
products of cellulose and hemicellulose from the biomass do not decompose further to 
levulinic acid or hydrogenate further to valeric acid, but must be reincorporated into the 
bio-coal though humin formation.  
Figure 7.9b indicates that the saccharide like compounds and VFA appear to 
initially increase in concentration on the first recycle but the composition appears to 
remain reasonably consistent thereafter, with saccharide like compounds and VFA the 
main constituents within the process water. The relative concentration of phenols and 
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aldehydes appear to decrease within the process water, although the NMR data is 
normalised so the increasing concentration of formate within the process water will also 
reduce the relative scaling of these components.  
 
Figure 7.8: CG-MS spectra of volatile fatty acids within of process waters for the 250 









Figure 7.9b: H-NMR spectra of HTC process waters 250 °C recycling treatments 
without acetate peak 
7.4.1.2.1. Proposed process chemistry for the 250 °C recycled bio-coals 
The proposed mechanism is that the organic acids recycled from the previous 
cycle, combined with the change in ionic product of the subcritical water brings about 
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early hydrolysis of the hemicellulose and cellulose [79] as the reaction media is heating. 
The organic acids from the previous cycle go on to catalyse the degradation of the 
oligosaccharides generated from the hydrolysis of the hemicellulose and cellulose to 
monosaccharides which suffer dehydration and fragmentation (i.e. ring opening and C-C 
bond breaking) processes giving rise to different soluble products, such as furfural-like 
compounds and HMF related compounds, 1,2,4-benzenetrol, acids and aldehydes 
(acetaldehyde, acetonitrilacetone) [84, 85]. It is suggested that the recycled process waters 
catalyse this process thereby increasing the reaction rate at a lower temperature, which 
allows the monosaccharides and / or their decomposition products to undergo 
polymerization leading to the formation of soluble polymers. The polymerization or 
condensation reactions can be induced by intermolecular dehydration (two –OH groups 
react to leave a –O- bond thus removing water) or by aldol condensation.  The formation 
of C=C can result from keto-enol tautomerism of dehydrated species or by intramolecular 
dehydration [85].  
It is likely that the increased organic loading within the recycled process water, 
and increased saccharide concentrations within the process water (through enhanced 
hydrolysis of the hemicellulose and cellulose) would catalyse this, and that increased 
saccharide concentrations are known to favour aromatization and repolymerisation [85]. 
This process will be primarily catalysed by the levulinic acid and valeric acid derived 
from 5-HMF in the previous cycles. The increase in phenols seen in the py-GCMS, with 
increasing cycles will be due to the further decomposition of furfural like compounds 
[351] catalysed by the organic acids present in the recycled water and though 
fragmentation of the aromatic clusters formed as part of the char formation. 
The formation of the bio-coal is believed to be produced by condensation by the 
intermolecular dehydration of the aromatized molecules described above [85]. The 
structure of which this takes is dependent on the biomass from which it is formed; biomass 
with ‘hard’ plant tissues, such as crystalline cellulose, maintain hierarchical shape (as is 
the case for Miscanthus), while soft plant tissues, without a scaffold do not keep their 
structure and form globular carboniferous particles [77]. Both structures are believed to 
follow the LaMer model of particle formation whereby when the concentration of 
aromatic structures reaches a certain point a burst nucleation takes place [22]. It appears 
likely that the higher organic loading encountered when recycling process waters, 
combined with the catalysis as a result of the organic acids, brings about the formation of 
aromatized molecules; this then would advance the point at which the burst nucleation 
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occurs. Initially the aromatic structures will be chemisorbed through reactive oxygen 
functionalities (hydroxyl, carboxyl, carboxylic etc.) which are present on the surface, 
which dehydrate to form stable oxygen groups, which are ether or pyrone, within the char 
formation. Reactive oxygen functionalities will remain on the surface and provide binding 
sites for more aromatic structures [85]. It should be noted that the reactor used in this 
study has a relatively slow average heating rate of 5 °C minute-1. The slow heating rate is 
likely to have an influence on this reaction chemistry allowing more time for reactions to 
occur, for example polymerisation of monosaccharides and 5-HMF. Higher heating rates 
may impose kinetic limitations with compounds such as 5-HMF being converted to 
levulinic acid as opposed to polymerisation of monosaccharides to form humins (char). 
The mechanism given for the char formation relies on dehydration whereas the 
van Krevelen results suggest decarboxylation is a dominant route. Polymerization and 
aromatization via decaboxylation while possible and appears less likely as carbon-carbon 
bonds are more stable. The 200 ºC recycled process water bio-coal results suggested 
increasing hydrogen via: (i) hydrogen donating, (ii) alkali metal catalysed reactions 
increasing organic hydrogen, or (iii) hydrogen is being added to the inorganics in the form 
metal hydroxides. It is possible that similar mechanisms are happening here, where by 
dehydration is the main char forming mechanism, but additional hydrogen is being 
incorporated via the above mechanisms, resulting in the van Krevelen plot given in Figure 
7.1 suggesting decarboxylation. The HTC materials are reported to have a rich surface 
functionality and it is possible hydrogen donation is influencing this chemistry, for 
example through removal of removal of carboxyl groups, but more detailed surface 
analytical techniques, such as x-ray photon spectroscopy (XPS) would be required to 
draw any conclusions on such a change.  
To better understand the changes in volatile release chemistry, multi stage 
pyrolysis GCMS was undertaken at three key temperatures, 250 °C, 400 °C and 600 °C, 
with these temperatures chosen based on changes observed in the DTG of the 
devolatilisation stage of the proximate analysis. The results are given in Figure 7.10. The 
results show that there is an increase in compounds evolved for the 250 °C desorption, 
which is consistent with the early volatile release between 100 °C and 270 °C in Figure 
7.5. The results show the fuel from cycle one that there is some desorption of phenol 
(peak 16), 2-methyl phenol (peak 17), 4-ethyl phenol (peak 21), 4-ethyl-2-methoxy 
phenol (peak 22) and 2,6 dimethyl phenol (peak 26) in Figure 7.10a. These phenols are 
likely behaving like furfural compounds, i.e. they have undergone further decomposition 
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and become chemisorbed onto the char surface, as opposed to fragments of the aromatic 
clusters formed as part of the char formation. With increasing cycles there is the 
appearance of the VFA acetic acid (peak 4) and propanoic acid (peak 6), believed to be 
organics from residual process water as opposed to desorbed functional acetyl groups 
seen on the unprocessed biomass. Increasing cycles also bring about hydrolysed cellulose 
fragments, such as 2-cyclopenten-1-one (peak 8), 2-methyl-2-cyclopenten-1-one (peak 9) 
and ethanone (peak 10), in addition to the cyclic aldehydes, furancarboxyldehyde (peak 
12) and 5 methyl-2-furancaboxaldehyde (peak 13). With increasing cycles the bulk of the 
compounds released are phenolic with benzofuran (peak 15), phenol (peak 16), 2-methyl 
phenol (peak 17), cresol (peak 18), 4-methyl phenol (peak 19), creosol (peak 20), 4-ethyl 
phenol (peak 21), 4-ethyl-2-methoxy phenol (peak 22), 2-methoxy-N-N-dymethyl 
benzoamine (peak 24), 2-methoxy-4-propyl phenol (peak 25), 2,6 dimethyl phenol (peak 
26) and a host of methoxybenzoaldehydes which appear after peak 26. It appears likely 
that these are derivative aromatic structures which are chemisorbed through reaction 
reactive oxygen functionalities and are yet to form the stable ether or pyrone bonds 




Figure 7.10a: Volatile organics evolved below 250 °C from bio-coals treated at 250 °C with recycled process waters ((1) ethylcyclobutane; (2) 2-methyl 
furan; (3) pentenol; (4) acetic acid; (5) dihydro-dioxin; (6) propanoic acid; (7) propanoic acid methyl esther; (8) 2-cyclopenten-i-one; (9) 2-methyl-2-cyclopenten-1-one; (10) 
ethanone; (11) cymene; (12) furancarboxyldehyde; (13) 5 methyl-2-furancaboxaldehyde; (14) dimethoxybutedimine; (15) benzofuran; (16) phenol; (17) 2-methyl phenol; (18) cresol; 
(19) 4-methyl phenol; (20) creosol; (21) 4-ethyl phenol; (22) 4-ethyl-2-methoxy phenol; (23) decanal; (24) 2-methoxy-N-N-dymethyl benzoamine; (25) 2-methoxy-4-propyl phenol; 





Figure 7.10b: Volatile organics evolved between 250 °C and 400 °C from bio-coals treated at 250 °C with recycled process waters. ((1) 2, methyl furan; (2) 
2-propenoic acid 2-hydroxy ethyl esther; (3) 2,5 dimethyl furan; (4) valeric acid; (5) toluene; (6) ethanone; (7) 4 methyl phenol; (8) cyclopentanone; (9) methyl-3-octyne; (10) 
dimethoxy butane; (11) cyclohexanol; (12) cyclopenten-1-one; (13) furanmethanol; (14) methoxyclyclopentan-1-one; (15) acetylfuran; (16) cyclopentanone; (17) methylcyclopenten-
3-one; (18) benzenediol; (19) 3-methyl cyclopentanone; (20) phenol; (21) 2-methyl phenol; (22) 4-methyl phenol; (23) cresol; (24) 4-ethyl phenol; (25) 4-ethyl-2-methoxy phenol; 
(26) 2,3-dihydro benzofuran; (27) 4 hydroxy-3-acetophenone; (28) eugenol; (29) 2,6 dimethyl phenol; (30) eugenol; (31) 2 dihydro-2-methyl benofuran; (32) isoeugenol; (33) 
trimethoxybenzene; (34) trymethoxy-5-methyl benzene; (35) acetophenone; (36) dimethoxy phenome; (37) methoxy eugenol; (a) acetic acid; (b) dihydrodioxin; (c) bioxirane; (d) 
isobutylacetic acid; (e) 2-methoxybutenol; (f) pyrolidethylamine; (g) propanediol; (h) furfural; (i) furanmethanol; (j) furanone; (k) dimethoxybutanamine; (l) cyclopent-1-one; (m) 




Figure 7.10c: Volatile organics evolved between 400 °C and 600 °C from bio-coals treated at 250 °C with recycling process waters ((1) ethylcycloputane; 
(2) pentane; (3) amino methyl propanol; (4) 2, methyl furan; (5) 2 ethyl butanal; (6) 2,5 dimethyl furan; (7) valeric acid; (8) octane; (9) toluene; (10) ethanone; (11) 
trimethylimidazole; (12) undecyonic acid methyl esther; (13) ethylbenzene; (14) xylene; (15) p-xylene; (16) 2-cyclopenten-1-one; (17) methyltoluene spp. (18) methyl 
cyclopentanone; (19) triethylbenzene; (20) fumeric acid ethyl esther; (21) methoxy methyl benzene; (22) indene; (23) 3-methylcyclopenten-1-one; (24) 1-ethyl-4-methoxy benzene; 
(25) acetonitrile benzene; (26) phenol; (27) 2-methyoxy phenol; (28) 2-methyl phenol; (29) dimethyl phenol; (30) cresol; (31) creasol; (32) 2-ethyl phenol; (33) ethylguaiacol; (34) 5-
ethyl cresol; (35) 2,3 dihydrobenzofuran; (36) 4-hydoxy-2-methylacetophenone; (37) dioxybezene; (38) dimethoxy phenol; (39) eugenol; (40) trimethoxybenzene; (41) naphalene; 
(a) cyclopentenone; (b) methoxy toluene; (c) hydroxy-3-methyl cyclopenten-1-one; (d) levoglucasan) 
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For the 400 °C desorption (seen in Figure 7.10b), the chemistry between the 
recycled samples does not significantly differ, with the exception of the appearance of 
valeric acid (peak 4) from the process water in the latter runs. At 400 °C 2, methyl furan 
(peak 1) and 2,5 dimethyl furan (peak 3) appear with concentrations apparently increasing 
with repeated cycles; these are likely to be a product of humin formation via aldol addition 
or condensation of furfural like compounds. The phenolic compounds 4-methyl phenol 
(peak 22), cresol (peak 23), 4-ethyl phenol (peak 24) and 4-ethyl-2-methoxy phenol (peak 
25) also increase in concentration, especially for the latter cycles. This possibly indicates 
the volatilisation of fragments of the aromatic clusters formed as part of the char 
formation in addition to the derived aromatic structures, which are chemisorbed to the 
char.  
For the 600 °C pyrolysis run there was subtle differences between the cycles, with 
levoglucasan found within the first cycle bio-coal but not present in the fifth and ninth. 
While the data retains a peak in a similar area, this peak appears to be naphalene (peak 
41) not levoglucasan (peak d), indicating the removal of cellulose. The compounds 
released at this temperature are predominantly phenolic, with toluene (peak 9), and many 
benzene based compounds including eithyl benzene (peak 13), xylene (peak 14), 
triethylbenzene (peak 19). Care is however required when interpreting this data as by this 
temperature the compounds detected are not necessarily the compounds desorbed off the 
char as secondary reaction chemistry during pyrolysis is likely taking place. The phenolic 
compounds seen in the previous runs appear strongly and are the predominant compounds 
evolved and are likely the fragments of the aromatic clusters formed as part of the char. 
After peak 40 (Trimethoxybenzene), the compounds afterward appear to be a multitude 
of different benzoalcohols and phenolic acids.  
While the loss of the levoglucasan peak indicates the removal of cellulose, some 
caution is required when interpreting this data due potassium in the bio-coal. The presence 
of potassium is known to promote the decomposition of levoglucosan under pyrolysis 
[355]. While the fuels inorganic chemistry is discussed in detail the next section, Table 
7.3 shows that the potassium within the bio-coal increases from 1000 mg/kg (db) in cycle 
1, to 2300 mg/kg (db) and 3000 mg/kg (db) in cycles 5 and 9 respectively. It has been 
shown in Nowakowski et al. [356] and Nowakowski and Jones [357] that addition of 
10,000 mg/kg potassium to willow and cellulose during pyrolysis leads the decomposition 
process of cellulose to different (low molecular weight) products such as acetic acid, 
propanoic acid and 1-hydroxy-2-butanone as opposed to levoglucosan. Consequently, the 
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removal of the levoglucasan peak would not definitively prove the removal of cellulose; 
albeit there is still evidence that cellulose is being removed in the thermogravimetric data 
presented in Figure 7.6. At the time of submission, reruns using demineralised samples 
were being undertaken but the impact of this potassium had yet to be assessed. 
7.4.2. Influence of recycling process water on the bio-coal inorganic chemistry 
Table 7.2 shows the changes in organic carbon, inorganic and heteroatom content 
and pH of the process water with increasing cycles. The notable main change is the 
accumulation of alkali metals and chlorine within the process water. For the 200 °C 
experiments, this appears to become stable by cycle six. This has an adverse effect on the 
slagging and fouling propensity of the bio-coal as it appears that the metals begin 
accumulating within the bio-coal. Metal analysis of the bio-coals are given in Table 7.3 
along with the slagging and fouling indices. Note that the AI has increased from safe 
combustion before cycle 4 to probable slagging and fouling by cycle 9. The alkali index 
is still below that of the unprocessed Miscanthus given in Table 6.3, with an AI of 0.27, 
which would suggest a lower propensity. This is due to minimal re-accumulation of 
sodium and a higher energy density due to removal of oxygen. AI being based on kg of 
alkali per GJ as opposed to kg alkali per tonne of fuel. 
For the 250 °C recycled bio-coals the same increase is observed, although the 
metal concentrations within the process water are approximately double in order of 
magnitude and still increasing by cycle nine. After cycle six there does appear a slowdown 
in accumulation of calcium, magnesium and sulphur within the process water, which also 
fits with the levelling of TOC within the process water but potassium, phosphate and 
chloride appear to be still increasing. The increasing concertation of metals within the 
process water is however not directly inversely proportional to the amount of metals 
within the bio-coal. The first recycle for example shows a decrease in magnesium, 
aluminium, phosphorus, calcium, magnesium and iron, with an increase in silicon. This 
is consistent with the results in Chapter 6 and supports the hypothesis that the organic 
acids created as part of the hydrothermal process are at least in part responsible for the 
extraction of the organically associated and precipitated inorganic materials within the 
starting biomass. By recycling the process waters back, the recycled acids aid the 
extraction of the organically associated and precipitated inorganic materials.  
An ash fusion test was undertaken and the results are given in Figure 7.11. The 
results show that on the initial extraction there is a considerable improvement in 
deformation temperature, which increases from 1330 °C to 1570 °C for the 250 °C 
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treatment and remains similar for the third cycle. This change appears to be 
predominantly due to the increasing silicon fraction, which increases from 7,800 mg/kg 
to 15,100 mg/kg, and at the same time potassium increases from 1,040 mg/kg to 1,360 
mg/kg. Thus, the relative ratio of potassium to silicon increases which reduces its fluxing 
potential. A similar increase in deformation temperature is seen for the 200 °C bio-coals, 
with an initial increase in deformation temperature from 1250 °C to 1350 °C. However 
this appears more due to an increase in calcium and magnesium as opposed to the 
significant reductions in potassium relative to silicon seen for the 250 °C bio-coals. The 
high silicon content of the recycled process water bio-coal may in fact be advantageous, 
from a fouling perspective as silicates are known to trap potassium within the ash, in the 
form of potassium silicates, preventing their potential volatilisation and subsequent 
fouling [358]. 
For the 250 °C cycles, the potassium within the bio-coal continues to increase 
with increased cycles, and its fluxing potential is offset initially by an increase in calcium 
on cycle three. After cycle three the increasing potassium starts to lower ash melting 
temperature, with a steady decline in deformation temperature, up to cycle 8 where the 
deformation temperature reaches 1140 °C, the same deformation temperature as the 
starting biomass (1140 °C), shown in Figure 6.9. A similar trend is shown for the 200 °C 
cycles, as despite increasing calcium content, the increasing potassium appears to bring 
about increased silicate fluxing, with 1150 °C reached by cycle four and deformation 
temperature dipping to 1110 °C by cycle 7. This result suggests that while recycling the 
process waters bring about an increase in both yield and energy density, recycling process 
waters during HTC does not overcome issues associated with slagging of the starting 
biomass, without an additional treatment stage. 
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Table 7.3: Inorganic and heteroatom analysis of bio-coals derived from recycling process waters and their influence of slagging and fouling indices 
Temperature Cycle 
mg/kg Dry Basis 
AI BAI R b/a Na Mg Al Si P S Cl K Ca Mn Fe 
HTC 200 
1 148 400 74 6148 354 753 1764 1130 2802 50 115 0.08 0.09 0.49 
2 144 618 62 9535 423 640 2030 1848 3237 62 102 0.12 0.06 0.40 
3 183 714 75 9742 454 636 2673 2085 3582 86 94 0.14 0.04 0.44 
4 175 890 64 9753 538 709 2574 2633 4493 84 85 0.17 0.03 0.54 
5 156 991 77 10022 693 790 3186 2886 4684 116 106 0.18 0.04 0.56 
6 139 1147 61 9760 644 792 3217 3109 4988 125 105 0.19 0.04 0.62 
7 156 1247 106 10242 734 851 3560 3394 5160 119 112 0.21 0.04 0.63 
8 161 1050 80 9256 727 797 2762 2821 4697 110 88 0.17 0.03 0.61 
9 150 1143 77 9518 750 797 3196 3186 5877 111 108 0.20 0.04 0.70 
HTC 250 
1 82 525 191 7837 1145 1130 1721 1042 5279 82 143 0.05 0.14 0.57 
2 89 477 129 15106 596 1803 2142 1355 4172 56 92 0.07 0.07 0.26 
3 109 715 156 15018 954 1409 2581 1784 5227 76 104 0.09 0.06 0.34 
4 98 641 144 15459 746 1251 1969 1605 4559 58 95 0.08 0.06 0.29 
5 124 850 100 15463 943 1540 2586 2288 6383 117 124 0.11 0.06 0.41 
6 115 583 98 11376 1070 1146 2185 1395 3937 86 103 0.07 0.07 0.35 
7 114 800 118 13790 1146 1462 2687 2158 3914 114 134 0.10 0.07 0.33 
8 128 989 83 12799 1113 1345 3627 2713 4723 125 111 0.13 0.04 0.43 





Figure 7.11: Ash transition temperatures for a) recirculation of process waters with HTC 
at 200°C, and b) recirculation of process waters with HTC at 250°C 
In addition to slagging, the ash fusion test is often a good indicator of the fuels 
propensity to foul, the results would thus suggest an increase in fouling propensity with 
increasing treatments, and the increasing chlorine content would indicate increasing 
corrosion propensity. Slagging and fouling indices are given in Table 7.3 and show the 
AI, BAI and acid base ratio. Interestingly despite concentrations of alkali metals 
significantly increasing within fuel on repeated cycles the AI and acid base ratio suggest 
the fuel could still be managed in combustion systems in terms of slagging and fouling 
propensity. This appears due to the significantly higher energy density of the 250 °C 
recycled bio-coals; AI is based on kg of alkali per GJ as opposed to kg alkali per tonne of 
fuel. Consequently, despite similar levels of potassium and chlorine within the fuel as the 
starting feedstock, the energy density means less fuel would be required to meet the 
equivalent heat output and thus fouling should be lower per unit of energy. The low 
slagging risk indicated by the acid base ratio is predominantly due to significant increases 
in silicon concentrations within the fuel, which should reduce the fluxing brought about 
by the potassium.  
In the HTC method used there was no additional washing of the bio-coals, the bio-
coal was simply filtered from the process water and allowed to dry prior to analysis. 
Samples were not dewatered via centrifuge or mechanical process. Analysis of the process 
waters, given in Table 7.2, shows high levels of dissolved inorganics, particularly 
potassium which is found in concentrations of 3400 mg/l and chlorine which is in excess 
of 4000 mg/l by cycle nine. It is likely that residual process water is left within the char 
micro and macro pores on separation and will, on drying, deposit metal salts on the bio-
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coal. The moisture content of the char appears to reduce with reaction severity, retention 
time, and increasing number of cycles, which would imply the sample is becoming 
increasingly hydrophobic and easier to dewater with increasing reaction severity and 
recirculation. This enhanced hydrophobicity and dewaterability is in agreement with the 
dehydration of the fuel [178, 179], observed in the results. The fuels were subsequently 
dried at 60 °C and while the wet mass of char is known it is difficult to proportion the 
free water (salt containing process water) to the bound water associated with the fuel. For 
the 250 °C recycled process waters, initial moisture content decreases from 76 % to 54 % 
over the nice cycles and as such it is likely a significant proportion of the process water 
will remain. It is likely that a proportion of the salts from the residual process water will 
be readily volatilised during combustion, contributing to fouling and corrosion. The 
chloride salts within the process water deposits, may however be retained within the char 
burn due to their higher thermal stability, and then be reincorporated and fixed into the 
ash [359]. 
Additional leaching of these alkali metals and chlorine would likely be possible, 
via mechanical water recovery post carbonisation and the incorporation of an additional 
washing procedure post carbonisation. This should remove metal salts deposited on the 
bio-coal and residual chloride which forms weak chlorine hydrogen interactions with the 
hydrogen atoms on the char surface and are easily removed by washing [149]. The impact 
of an additional water treatment on the energy content and energy yields has not been 
assessed in this instance. Dependent on the organic carbon removed as part of this 
washing procedure there could be scope for carbon recovery via treatment options such 
as anaerobic digestion with this ‘secondary’ wash water potentially less susceptible to 
inhibition of the methanogenic phase by volatile acids, long chain fatty acids, phenol, 
alkyl phenols alkali and alkaline earth metals, which foreseeably may cause issues in the 
direct anaerobic digestion of process waters [285, 286]. Lower organic carbon within the 
wash water may also make nutrient recovery more feasible. 
7.4.3. Influence of recycling process water on the bio-coal combustion behaviour 
The DTG burning profiles for bio-coal from the 200 °C recycling treatments and 
250 °C recycling treatments are given in Figure 7.3 and Figure 7.6 respectively. The 
results for the 200 °C recycling treatments, shows there is no real shift in the first initiation 
temperature, nor the burn out temperature. The profile also maintains the characteristic 
two peak profile observed for the 200 °C bio-coals with varying retention time (Chapter 
6). With increasing cycles the first volatile combustion peak decreases with increasing 
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cycles, while the second, char burning peak increases with increasing cycles. This gives 
the bio-coal a similar combustion profile to that produced at 200 °C 4-8 hour retention 
time. Proximate and ultimate analysis results support this. While the burn out temperature 
appears to remain the same, the char burn peak temperature decreases, which would imply 
the char burning is more reactive. This would fit with an increase in alkali metals observed 
in Table 7.3 and suggests a portion of the potassium remains within the char during 
combustion. Alkali metals, particularly potassium, increase char reactivity though metal 
catalysed oxidation of the carbon surface [207], through the intimate bonding with 
oxygen functionalities [160, 209]. 
For the 250 °C recycled process water bio-coal increasing cycles results in a fuel 
with a far more ‘coal like’ burning profile; the burning profile of the ninth cycle is similar 
to the burning profile to that seen for 250 °C treated bio-coal with 8 and 24 hour retention 
times. Unlike the treatments with increasing retention time, where burn out temperature 
increased with increasing duration of HTC, char burnout temperature reduces slightly 
along with a reduction in peak temperature (char burn). This would suggest, like the 200 
°C recycled process water bio-coals, the char is more reactive. This also fits with an 
increase in alkali metals observed in Table 7.3 and suggests a portion of potassium 
remains within the char during combustion and intimate bonding between potassium and 
the char [160, 209].  
The first initiation temperature / ignition temperature appears to remain similar 
for all cycles but the characteristic volatile peak seen in the 200 °C recycled process water 
bio-coals and the combustion profiles for the 250 °C treatment with zero and one hour 
retention times, becomes increasingly less distinct. By the latter four cycles, the second 
initiation temperature is marked more by the acceleration in weight loss as opposed to a 
second peak. Based on the pyrolysis GCMS spectra given in Figure 7.6b, this volatile 
reduction appears to be due to removal of cellulose from within the fuel, with the removal 
of the levoglucasan peak (peak 27), a characteristic compound derived from the thermal 
decomposition of cellulose, not present in the latter cycle. The 250 °C recycled process 
water bio-coals do however appear to undergo pre-ignition, low temperature thermal 
decomposition, with the formation of a low temperature volatile peak starting around 100 
°C and 270 °C whereby the first initiation temperature is reached, and this increases with 
increasing cycles. Based on the pyrolysis GCMS spectra given in Figure 7.10a these 
compounds appear to be phenols and a host of methoxybenzoaldehydes and likely 
chemisorbed hydrothermally derived aromatic structures. 
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The low temperature evolution of these compounds could pose risk for handling 
and storage of the recycled bio-coal. In Chapter 5 (now presented in Smith et al. [260]) it 
was demonstrated that 250 °C treated Miscanthus was highly friable with a HTG of 150. 
This would suggest potential for generation of dust during handling and without 
appropriate housekeeping this dust can accumulate on hot surfaces of many electrical and 
mechanical devices, such as conveyers, dryers, hot bearings, and other machinery [360]. 
The low temperature volatilization of combustible gases could be a source of ignition. 
Bio-coal appears to have many properties more similar to coal than biomass; biomass is 
a reactive solid fuel capable of self-heating and self-igniting, especially during conveying 
and processing [181, 360] and consequently further analysis is needed to whether the 
same risks apply to bio-coal.  
For biomass, spontaneous combustion is associated with storage, especially in the 
presence of moisture. Since coal is far less hydrophilic than biomass, open-air storage is 
possible for coal whereas biomass must usually be stored in silos. The stored biomass 
within the silos can then undergo biological and chemical processes, which consume 
oxygen, generate heat and release combustible gases, which when hot can ignite. Biomass 
also has a higher burning rate than coal, meaning that any ignition flame will propagate 
much more quickly for biomass and with the larger mixture ratio of biomass in co-firing 
plants [181].  
A higher burn rate than coal appears likely for bio-coal based on the TGA burning 
profile but water immersion tests of bio-coal pellets, presented in Kambo and Dutta [179], 
would suggest that open air storage could be possible with bio-coal due to the enhanced 
hydrophobicity, which may overcome issues with silo storage. Ramírez et al. [361] 
developed a methodology for determination of ignition risk based on burning profiles in 
oxygen, with Jones et al. [207] and Chin et al. [360] developing the method to be based 
on burning profiles in air. The method uses the temperature of the maximum rate of 
weight loss temperature and the apparent first-order activation energy (Ea) at the point of 
maximum weight loss using the data from the conventional thermogravimetric analysis, 
to rank self-ignition propensity of fuels. Based on this, the bio-coal data would suggest a 
decreased risk of self-ignition when compared to biomass, especially for the 250 °C 
recycled process water bio-coal, but a higher risk to that of coal. 
The low temperature thermal decomposition of the 250 °C recycled process water 
bio-coal could potentially be problematic for pulverizing mills, as pulverising mills are 
typically operated at elevated temperatures (approx. 150 °C) in pulverised fuel 
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applications and thermal decomposition of the fuel within the mill would be undesirable. 
The higher grindability of the 250 °C bio-coal, could however partially negate this as a 
HGI of 150 is higher than most coals (typically between 30 and 100) so the pulverisers 
should require lower energy input than would otherwise be required for coal and could 
therefore operate at lower temperature [260].  
7.5. Conclusions 
Recycling process waters brings about an increase in product mass yield at both 
treatment temperatures; for 200 °C treatments this increases from 65% and stabilises at 
between 71 % and 73 % after four cycles. For the 250 °C treatments, yields increased 
from 46 % to 57 %, and by the final cycle it appeared to still be increasing. A modest 
increase in energy density was seen for the for the 200 °C treatments from 18.9 MJ/kg to 
19.7 MJ/kg, with the latter remaining reasonably consistent for runs two to nine, 
consequently the overall energy yield increases from 68% to 77 % after four cycles.  
For the 250 °C treatments energy density increased from 24.2 MJ/kg to 28.9 
MJ/kg on the ninth cycle, through reduction in fuel oxygen and an increase in carbon. 
This increases the overall energy yield from 61% to 91 %. The H/C ratio increases for the 
200 °C bio-coals and remains constant for the 250 °C bio-coals, which appears to suggest 
hydrogen donation from organic acids or due to the influence of alkali metals. Process 
chemistry would suggest char formation though dehydration and addition of hydrogen as 
opposed to decarboxylation suggested by H/C O/C ratios. Recycling the process waters 
appears to catalyse the removal of cellulose from the bio-coal, with no cellulose apparent 
by cycle 5.  
It is hypothesised that the recycled organic acids hydrolyse the hemicellulose and 
cellulose to furfural like compounds at a lower temperature and increase saccharide 
concentrations within the process water. Increased saccharide concentrations favour 
aromatization and repolymerisation which better enables the decomposition products to 
undergo polymerization, which otherwise undergo further degradation to organic acids. 
It is proposed that the slow heating rate and hour retention time overcome kinetic 
limitations imposed by faster heating rates and shorter retention times previously 
reported.  
Recycling the process waters at 200 °C gives a combustion profile more similar 
to HTC 200°C+4h and HTC 200°C+8h, with a reduced volatile burn and increased char 
burn, the char burn is however more reactive. Recycling the process waters at 250 °C 
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gives an increasing ‘coal like’ burning profile, more similar to HTC 250°C+8h and HTC 
200°C+24h but with a more reactive char burn. The 250 °C recycled bio-coals do however 
form a low temperature volatile peak evolving phenols and a host of 
methoxybenzoaldehydes. This could pose risks in terms of handling and further analysis 
is required.  
After an initial improvement in fouling and slagging propensity brought about, 
though enhanced acid leaching of the fuel, recycling process water appears to have an 
adverse influence on the fouling and slagging propensity of the fuel. Mechanical water 
recovery and the incorporation of an additional washing procedure post carbonisation 
may however overcome this. The impact of an additional water treatment on the energy 
content, energy yields and inorganic chemistry has not been assessed.  
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8. Influence of particle size during hydrothermal carbonisation of lignocellulosic 
biomass 
8.1. Abstract 
HTC is known to improve grindability and thus it would be best to use the largest 
possible feedstock size to avoid energy intensive size reduction. Bio-coals are however 
known to develop an outer oily film and it has been suggested in the literature that the 
formation of this layer may limit the intimate contact between the biomass and process 
water. Given that the process chemistry relies on direct contact with water, this layer 
could change the process chemistry in larger particles, influencing the fuel properties. 
The formation of an oily layer may also prevent the extraction of inorganic materials from 
within the biomass, preventing the improvement in slagging and fouling propensity often 
reported. In this chapter, willow was processed using cylinders at between 1-2 mm and 
4.0 cm in diameter. The results showed that at 4.0 cm there was still complete conversion 
of the cellulose, with limited change in hydrothermal chemistry. Increasing particle size 
also appears to initially improve energy density of the resulting fuel rising from 26 MJ/kg 
to 28 MJ/kg at 2.5-3.0 cm diameter. Beyond 3.0 cm there was a slight reduction in energy 
density to 27 MJ/kg, which is believed to be due to the start of heat transfer limitations 
when using retention times of one hour. This becomes more apparent when treating the 
biomass with bark as the bark retains the cylinder integrity. A reduction in volatile carbon 
with increasing size suggests that size reduces the diffusion of preliminary products into 
the bulk water which enhances hydrolysis and polymerisation within the particle. This 
significantly improves the grindability behaviour of the fuel with an HGI of 62 for the 1-
2 mm samples, increasing to 177 at 3.0 cm. This would represent a huge reduction in the 
energy requirements for milling if the fuel is used in pulverised fuel applications. Metal 
analysis suggests that there is free movement of water though the particle at 4.0 cm in 
diameter and metal extraction is not limited though the formation of a low water 
permeable hydrolysis layer. Ash fusion testing has shown that processing willow with the 
bark has a positive influence on the slagging and fouling behaviour of the fuel due to the 
increased calcium and phosphorus in the ash. 
8.2. Introduction 
Studies into HTC have largely focused on ground lignocellulosic material, 
typically in the range of 600 to 1200 µm. As HTC of lignocellulosic material results in a 
bio-coal which is highly friable it is expected that an industrial process would take 
advantage of this and would use the largest possible chips to avoid energy intensive size 
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reduction [43]. There is however, uncertainty as to how the HTC mechanism works in 
larger particles with limited reports on the influence of particle size on HTC and even the 
more established HTL and HTG. In reviews such as Libra et al. [28] it is assumed the 
solid product of bio-coal is largely formed by re-condensation reactions, yet such findings 
were based on research using finely ground biomass, and high cellulose contents. In larger 
particles where the more recalcitrant crystalline cellulose and lignin is present the more 
recalcitrant nature of these materials mean they become ‘hard templates’ of which the 
‘secondary char’ nucleates around [28, 77].  
Mosteiro-Romero et al. [98] looked into the influence of size in HTL, but within 
temperature ranges still applicable to HTC, using 400–800 μm mesh particles along with 
spherical particles of diameters 0.4–0.5 cm and 0.9–1 cm. For HTL and HTG the 
feedstock is ideally completely liquefied, however, in practice, operational parameters 
prevent complete conversion leading to the production of char (bio-coal). This study 
indicated that at temperatures of 250 ºC typically, associated with HTC and heating rates 
of 20–35 ºC min−1, there are two distinct zones; a hydrolysis zone on the outside of the 
particle which is in contact with the process water and a pyrolysis zone within the particle 
which forms due to limited contact with water, as shown in Figure 8.1. The extent of the 
pyrolysis zone appearing to be determined by the thickness of the hydrolysis zone [98]. 
To the best of the author’s knowledge no similar study exists for HTC.  
This result is significant as in HTC intimate contact with water is a pre-requisite 
for HTC as it is the water which catalyses the thermal decomposition of hemicellulose, 
cellulose and lignin at 180 °C, 200 °C and between 230 °C and 260 °C respectfully, along 
with providing the water required in hydrolysis [11, 28, 75, 76]. Additionally the water 
provides the medium for the hydrolysed fragments to react and recombine [11, 28, 86]. 
Without the presence of water the thermal decomposition of the biomass components will 
occur at higher temperatures and produce different products as the decomposition will 
typically not include the addition of water. For example under pyrolysis conditions 
hemicellulose will decompose between 200-260 ºC, decomposition of cellulose will start 
between 240 ºC and 350 ºC and lignin which decomposes between 280 ºC and 500 ºC 
[186]. Given HTC is typically undertaken between 180 ºC and 260 ºC, the formation of a 
‘pyrolysis zone’ within the core of larger particles would result in a largely unreacted 
core, more similar to torrefied fuels, whereby the hemicellulose and some cellulose is 
degraded [10]. When hydrothermally treating at temperatures of 250 ºC, this will typically 
result in fuels with a higher oxygen content, higher volatile carbon content, lower fixed 
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carbon content and lower calorific value, as seen for the HTC 250+0h sample in Chapter 
6, due to the presence of cellulose within the fuel, in the larger diameter particles. 
Moreover, the formation of a low water-permeable hydrolysis layer could be highly 
significant when trying to extract inorganics and heteroatoms from biomass, as 
development of the hydrolysis zone may reduce or prevent the extraction of these 
elements though water diffusion limitations preventing their extraction. 
 
Figure 8.1: Formation of hydrolysis and pyrolysis zones within a wooden sphere 
undergoing hydrothermal treatment, adapted from Mosteiro-Romero et al. [98]. 
This chapter looks into larger feedstock sizes in an attempt to identify the optimum 
particle size and minimising energy intensive size reduction. The chapter will go on to 
demonstrate how particle size influences the organic and inorganic properties of the bio-
coal and attempt to better understand the mechanisms of the HTC of larger particles of 
lignocellulosic biomass and how these properties will go on to influence the combustion 
properties of the resulting bio-coal.   
8.3. Methodology  
8.3.1. Materials 
Samples of short rotation coppice willow (Salix Spp.) were obtained from 
Rothamsed Research. Samples were obtained as coppiced stems of varying diameters 
from the same plot and the same species to minimise sample variation. Samples were 
subsequently cut into cylinders according to sample diameter, to cylinders ranging 
between 1,0 and 4.0 cm, as shown in Figure 8.2. A 1-2 mm sample was obtained by 
putting samples though a cutting mill (Retsch, Germany) using a 4 mm grate. Cylinders 
were chosen as when perennial trees grow they grow from the cambium, a layer just 
below the bark, which produces the phloem and xylem cells. The phloem being the cells 
in the bark responsible for the transportation of soluble organic compounds made during 
photosynthesis, while the xylem, or wood as its more commonly referred, transports water 
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and nutrients from roots to shoots and leaves. As the tree grows new xylem cells are 
formed just below the bark while the more central cells undergo lignification, whereby 
lignin is deposited in a secondary cell wall, water is eliminated, forming a hydrophobic 
environment and the cells become both rigid and impermeable, before undergoing 
programmed cell death, forming the heartwood, with the living xylem the sapwood [362]. 
Consequently, plant tissue on the vertical plane should be of similar chemistry while 
chemistry will vary on the horizontal plane (see Figure 8.2). For each size, the samples 
were run with and without bark to see what influence the bark had on the process. 
 
Figure 8.2: Schematic of a 4 cm willow cylinder, where the cross sections indicate 
sample location for analysis  
8.3.2. Hydrothermal carbonisation 
HTC was performed using the modified 2000 ml high pressure batch reactor (Parr, 
USA) at 250 °C as described in Section 3.2. For each run a 10 % solids loading was used, 
with a combined mass of approximately 1000 g a run. Obtaining exactly 100 g of sample 
using samples of a specific size was not possible so the reactor was loaded close to 100 g 
and the water adjusted accordingly. To ensure compete submersion 316 stainless steel 
mesh was used to submerge the particles and experiments were undertaken as described 
in Section 3.2.2.2. 
8.3.3. Analysis 
8.3.3.1.Sample preparation  
For bulk property analysis samples were either homogenised for bulk property 
analysis by grinding below 100 µm using a cryomill (Retsch, Germany) or samples were 
taken on either the horizontal or vertical plane, as shown in Figure 8.2, using a 10 mm 





Inorganic elemental composition was determined by AAS, as described in Section 
3.6.3. 0.1 g of sample was digested in 10 ml nitric acid using 50 ml conical flasks and 
refluxing funnels, as described in Section 3.6.1. Phosphorus was determined using the 
colorimetric method described in Section 3.6.4 and shown in Figure 3.16. 
8.3.3.3.Organic analysis, combustion properties and ash measurement 
Carbon, hydrogen, nitrogen, sulphur and oxygen content was determined using a 
Flash 2000 CHNS-O analyser (Thermo Scientific, USA), with the method described in 
Section 3.4.2. The volatile and fixed carbon component of the proximate analysis carried 
out using thermo-gravimetric analysis (Mettler Toledo, Switzerland) as described in 
Section 3.3.3. Ash content was determined using a muffle furnace, as described in Section 
3.3.2. Moisture content was determined using a moisture oven as described in Section 
3.3.1. The calorific value was determined using Dulong’s Equation (see Equation 3.11). 
Figures are corrected in accordance with ASTM D3180-15, with hydrogen and oxygen 
values corrected to account for moisture. Burning profiles, ignition, flame stability and 
burnout temperatures were obtained by TPO, as described in Section 3.8. 
8.3.3.4.Ash fusion testing 
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace, as described in Section 3.7.1. 
8.3.3.5.Volatile component analysis 
Volatile component analysis was carried out via pyrolysis-GCMS (CDS 
analytical, USA; Shimadzu, Japan) using a 60 meter 0.25 mm RTX-1701 column (Restek, 
UK). All samples were routinely analysed in duplicate at 550 °C using 20 °Cms-1 heating 
rate, with the pyroprobe operating in trap mode. Procedure described in Section 3.11. 
8.3.3.6.Resistance to Milling 
Resistance to milling was calculated using the Hardgrove Grindability Index 
(HGI). The HGI equivalent test procedure is described in Section 3.9.  
8.3.3.7.Hydrophobicity testing 
Moisture retention of samples was analysed by drying samples at 105 °C 
overnight in a laboratory oven (Memmert, Germany). Approximately 10 grams of sample 
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was then placed on a sample tray and loaded into a 48 litre sealed box with approximately 
5 litres of water in the base, which acts as a humidity chamber. The humidity chamber 
was then placed in a large sample drying oven at 30 °C (Memmert, Germany), giving 100 
% relative humidity and stored for 7 days in these conditions. Samples were removed 
from the humidity chamber and placed within a sample drying oven at 20 °C (Memmert, 
Germany); which is around 70 % relative humidity. Moisture content was determined by 
taking a representative sample and analysing in a moisture oven at 105˚C under nitrogen 
in accordance with BS EN ISO 18134-2:2015. Subsequent samples were taken every 24 
hours.  
8.3.3.8.Solid State C13 NMR analysis 
For a limited number of samples Solid State C13 NMR was undertaken using a 
Bruker Avance III spectrometer and the EPSRC Solid Statye NMR service at Durham 
University. The instrument was operated at 75.4 MHz at room temperature, using both 
13C direct-polarization Magic Angle Spinning (DPMAS) and cross-polarization MAS 
(CPMAS). Ground samples were packed into 4 mm o.d. zirconia rotors and a 4 mm HX 
MAS probe was used with a magic-angle spinning rate of 10 kHz and proton decoupling. 
For DPMAS, the 13C 90º pulse length was set at 2.5 Âµs with a recycle delay of 30s. 
1500 scans were collected. For CPMAS a recycle delay of 1s was used, with between 
10000-18000 scans. 
8.4. Results 
8.4.1. Influence of size on the bulk properties of the fuel 
The bulk properties of the bio-coals derived from differing size willow cylinders 
are given in Table 8.1, with the carbon, oxygen and energy density (HHV) given in Figure 
8.3. The results show that processing with increasing size results in an increase in carbon 
density up to 2.0 and 2.5 cm diameter stems for processing with and without bark. After 
which there is a slight reduction in carbon content up to 4.0 cm diameter stem. All samples 
above 1.0 cm in diameter have a higher carbon content than the starting biomass. When 
processing with bark, carbon content increases from 68.3 % to 70.8 % carbon at 2.0 cm 
particle diameter, reducing to 69.4 % at 4.0 cm. Processing without bark results in a higher 
carbon content in the bio-coal but this could be due to the feedstock without bark having 
an overall higher carbon content; bark having a slightly lower carbon content. When 
processing without bark a carbon content of 71.9 % is seen for 2.5 cm diameter, 
decreasing slightly to 71.0 % at 4.0 cm diameter. It is worth noting that despite the slightly 
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lower energy content with bark, bark accounted for between 12 and 16 % of dry matter 
depending on size. Consequently, removal of bark represents a reduction in feedstock and 
the lower energy density will be offset by the increase in product.  
The inverse is seen for oxygen content decreasing from 23.9 % in the 1-2 mm 
sample, decreasing to 21.4 % oxygen at 2.0 cm particle diameter, before increasing to 
22.7 % at 4.0 cm for the samples processed with bark. The oxygen content is slightly 
lower in the samples without bark, with the lowest oxygen content 20.7 % at 2.5 cm 
diameter. Oxygen content increases to 22.1 % for the 4.0 cm sample but the oxygen is 
still lower than the 1.0 cm diameter sample, which has 22.9 % oxygen. The influence of 
the increasing carbon content and decreasing oxygen content results in an increase in 
energy density with increasing size, and becoming reasonably constant at around 2 cm in 
diameter. The samples processed without bark have a higher overall energy density due 
to the higher carbon content and lower oxygen content and the influence this has on 
energy density, as shown in Dulong’s Equation (see Equation 3.11). Energy density of 
the bio-coals begin to decline slightly above 2 cm in diameter, with the decline increasing 
after 3.5 cm in diameter albeit the energy density is still above that of the 1-2 mm and 1.0 
cm samples. Ash content of the bio-coal appears to generally increase with increasing 
size for samples with and without bark.   
The influence of bark appears to have the greatest impact on the volatile chemistry 
of the fuel. Figure 8.4 shows the volatile and fixed carbon of the samples treated at 
differing sizes with and without bark. While the samples without bark appear to remain 
reasonably consistent with between 51 and 52 % volatile carbon, the 1-2 mm sample has 
a volatile carbon content of 56 % reducing to 51 % in the 3.5 cm sample. The fixed carbon 
within the bio-coal increases as the volatile carbon decreases. The proximate analysis was 
undertaken using TGA and the 1st derivative (DTG) of the volatilisation stage is given in 
Figure 8.5. The DTG profile indicates significant difference between the profiles for the 
samples processed with bark and processed without. A double peak present on the 
samples treated with bark, which is not present in the sample processed without.  
Appendix Figure 11.1 shows the same profiles but with the addition of 
unprocessed willow and unprocessed bark. The results show a large peak, with the 
greatest weight loss at approximately 350 ºC and most likely the thermal decomposition 
of cellulose, in the whole unprocessed willow and unprocessed bark, although this peak 
is smaller in the bark. A shoulder on the peak at around 300 ºC whole unprocessed willow 
is most likely the thermal decomposition of hemicellulose [185, 186]. Py-GCMS analysis 
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presented in Chapter 6 indicated that the cellulose is predominantly degraded during HTC 
with retention times of one hour or longer at 250 °C. The volatile material in bio-coals 
treated for one hour or longer at 250 °C appear to be methyl furans derived during humin 
formation via aldol addition or condensation of furfural like compounds [309], and 
methyl and ethyl phenols derived from humic substances derived within the hydrothermal 
process and from the decomposition of lignin [363]. The DTG results presented in Figure 
8.5a, could suggest the presence of residual cellulose remaining within the bark, which is 
not degraded and not present within the debarked samples. 
  
Figure 8.3: The carbon, oxygen and HHV of homogenised bio-coals derived from 
differing feedstock size, processed with and without bark and given on a dry ash free 
basis 
 
Figure 8.4: Proximate analysis of homogenised bio-coals derived from differing 


























































Table 8.1: Bulk properties of homogenised bio-coals derived by varying feedstock size 
Sample 
% Dry Basis  
C H N S O Ash (%) Volatile Matter (%) 
Fixed 
Matter (%) MJ/kg HGI 
Unprocessed with Bark 53.3 ± 2.0 6.5 ± 0.2 0.6 ± 0.0 0.0 ± 0.0 38.8 ± 0.0 0.9 88.9 10.3 20.4 0 
Unprocessed Bark (only) 50.4 ± 0.7 5.5 ± 0.1 1.8 ± 0.0 0.0 ± 0.0 37.5 ± 0.4 5.0 74.4 20.6 18.3 - 
HTC 250 With Bark 
1-2 mm 68.3 ± 0.9 5.2 ± 0.1 0.7 ± 0.0 0.0 ± 0.0 23.9 ± 0.1 1.9 56.6 41.5 26.2 62 
1.0 cm 69.3 ± 1.1 5.1 ± 0.1 0.7 ± 0.0 0.0 ± 0.0 23.7 ± 0.2 1.3 55.1 43.6 26.4 153 
1.5 cm 70.3 ± 0.3 5.0 ± 0.0 0.7 ± 0.0 0.0 ± 0.0 22.0 ± 0.1 2.0 54.8 43.2 27.0 163 
2.0 cm 70.8 ± 0.5 5.3 ± 0.9 0.5 ± 0.0 0.0 ± 0.0 21.4 ± 0.2 2.0 53.4 44.6 27.7 172 
2.5 cm 70.3 ± 0.2 5.3 ± 0.1 0.7 ± 0.0 0.0 ± 0.0 21.8 ± 0.3 1.9 52.0 46.1 27.5 168 
3.0 cm 69.3 ± 0.9 5.5 ± 0.2 0.7 ± 0.0 0.0 ± 0.0 22.7 ± 0.0 1.8 52.9 45.3 27.3 173 
3.5 cm 70.0 ± 0.1 5.2 ± 0.3 0.4 ± 0.0 0.0 ± 0.0 22.4 ± 0.1 2.2 52.7 45.1 27.1 170 
4.0 cm 69.4 ± 0.9 4.9 ± 6.4 0.8 ± 0.0 0.0 ± 0.0 22.7 ± 0.3 2.2 51.2 46.5 26.5 167 
Unprocessed without Bark 51.1 ± 0.8 6.4 ± 0.1 0.2 ± 0.0 0.0 ± 0.0 39.8 ± 0.1 0.5 85.4 10.1 20.0 0 
HTC 250 Without 
Bark 
1.0 cm 70.4 ± 0.4 5.0 ± 0.0 0.5 ± 0.0 0.0 ± 0.0 22.9 ± 0.5 1.2 52.0 46.7 26.8 135 
1.5 cm 71.8 ± 0.4 5.3 ± 0.6 0.4 ± 0.0 0.0 ± 0.0 21.1 ± 0.1 1.3 51.3 47.4 28.1 155 
2.0 cm 71.4 ± 1.3 5.4 ± 2.1 0.4 ± 0.0 0.0 ± 0.0 21.4 ± 0.2 1.4 51.3 47.3 28.1 168 
2.5 cm 71.9 ± 0.4 5.2 ± 0.1 0.5 ± 0.0 0.0 ± 0.0 20.7 ± 0.0 1.6 52.3 46.0 28.0 164 
3.0 cm 71.5 ± 0.1 5.6 ± 0.1 0.4 ± 0.0 0.0 ± 0.0 21.0 ± 0.1 1.6 51.3 47.1 28.4 177 
3.5 cm 71.0 ± 1.3 5.0 ± 0.9 0.6 ± 0.0 0.0 ± 0.0 21.1 ± 0.0 2.0 51.0 47.0 27.4 170 
4.0 cm 71.0 ± 0.3 5.3 ± 7.8 0.5 ± 0.0 0.0 ± 0.0 22.1 ± 0.1 1.1 51.5 47.5 27.6 163 
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The phloem fibres in bark are known to have think lignified cell walls [364], 
which may increase the recalcitrance of the cellulose as the lignin binds the cellulose 
microfibers within the secondary cell walls [362, 365]. Py-GCMS analysis of the bark at 
550 °C, shown in Figure 8.6a, indicate however that there is only limited cellulose within 
the analysed bark sample as the levoglucasan peak (peak 35) is not present. This could be 
in part because the sample was taken from the periderm, which is the outer layer of the 
bark and may consist of dead lignified tissue similar to that of the heart wood of the xylem 
[362], the phloem fibres might have remained with the woody samples. This first peak in 
Figure 8.5a, which could suggest the presence of residual cellulose remaining within the 
bark, reduces with increasing size. This could be in part due to a reduction in the ratio of 
bark (phloem) to wood (xylem), however the results do suggest that by 3.5 cm there is 
complete removal of this first peak and a reduced bark to wood ratio would not explain 
this. Consequently, the results would indicate that with increasing size you get a more 
complete conversion of the cellulose within the larger particles, particularly in the phloem 
cells within the bark.  
The finding that increasing size when processing with bark gives a more complete 
conversion would appear to contradict the findings of Mosteiro-Romero et al., [98], 
whereby at 250 ºC there is the formation of a hydrolysis zone on the outside of the particle 
which is in contact with the process water and a pyrolysis zone within the particle which 
forms due to limited contact with water, as shown in Figure 8.1. In Mosteiro-Romero et 
al., [98] increasing the particle size increased this pyrolysis zone. Given the thermal 
decomposition of cellulose will start between 240 ºC and 350 ºC [186], it would appear 
likely that cellulose would be present within centre of the particle. For the 2.5 cm to 4.0 
cm samples, core samples have been taken on the vertical and horizontal planes as shown 
in Figure 8.2 and analysed by Py-GCMS to assess for any changes resulting from the 
presence of the hydrolysis and pyrolysis zones as described above. The results for the 4.0 
cm samples are shown in Figure 8.6 and indicate complete removal of cellulose with the 
loss of the levoglucasan peak (peak 35) in all samples. Moreover, Figure 8.6c and Figure 
8.6d give the vertical profiles of the samples hydrothermally reacted with and without 
bark. In these samples, the starting xylem should be of similar chemistry and show limited 
differences between both profiles. This would indicate there is not the presence of a 
hydrolysis and pyrolysis zone as hypothesised and complete hydrothermal carbonisation 





Figure 8.5:  Derivative thermogravimetric (DTG) devolatilisation profiles for willow 





Figure 8.6a: Pyrolysis GCMS analysis at 550 °C of the changes volatile chemistry through the horizontal profile of the unprocessed willow in the 4.0 




Figure 8.6b: Pyrolysis GCMS analysis at 550 °C of the changes volatile chemistry through the horizontal profile of the HTC 250 bio-coal in the 4.0 cm 




Figure 8.6c: Pyrolysis GCMS analysis at 550 °C of the changes volatile chemistry through the vertical profile of the HTC 250 bio-coal in the 4.0 cm 




Figure 8.6d: Pyrolysis GCMS analysis at 550 °C of the changes volatile chemistry through the vertical profile of the HTC 250 bio-coal in the 4.0 cm 
willow cylinders without bark ((1) 2-methyl furan; (2) dimethyl furan; (3) acetic acid; (4) (dihydro)dioxin; (5) bioxirane; (6) propanoic acid; (7) methyl butenol; (8) 
pentylpenondione; (9) propanediol; (10) furfural; (11) cyclohexanone; (12) cyclopentandione; (13) acetylfuran; (14) corylone; (15) furanone; (16) dimethylbutane; (17) phenol; (18) 
eugenol; (19) methoxyphenol; (20) cresol; (21) creosol; (22) di-methyl toluene; (23) ethyl methoxyphenol; (24) hydroxyl-3methylacetophenone; (25) di-methoxy phenol; (26) 
corylone; (27) tri-methoxy phenol; (28) isoeugenol; (29) tri-methoxy toluene; (30) di-methoxyacetophenone; (31) paradol; (32) methoxyeugenol; (33) isoferulic acid; (34) 
methoxyeugenol; (35) levolgulcosan; (36) benzaldehyde; (37) acetosyringone; (38) ethyl barbutric acid; (39) hexadecanoic acid) 
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As shown in Figure 8.4, samples produced without bark appear to yield bio-coal 
which is reasonably consistent with between 51 % and 52 % volatile carbon. For the 
samples with bark, the 1-2 mm sample has a volatile carbon content of 56 % reducing to 
51 % in the 3.5 cm sample. This reduction in volatile carbon appears to be due to the 
reduction and removal of cellulose originating from within the bark. Figure 8.5 shows a 
double peak present on the samples treated with bark, which are not present within the 
samples treated without bark. A reduced bark to wood ratio does not explain this reduction 
so these compounds must be undergoing increased conversion with increased size.  
Figure 8.7 shows the samples with and without bark post carbonisation. One 
characteristic property of the bark samples is the bark helps retain the integrity of the 
cylinder (from 3.0 cm in diameter), while the equivalent samples without bark swell and 
disintegrate. It is generally assumed that char formation is formed though the hydrolysis 
of the hemicellulose and cellulose to monosaccharides which then undergo dehydration 
and fragmentation processes giving rise to different soluble products which undergo 
polymerization, condensation and aromatisation leading to the formation of the bio-coal 
[84, 85]. This chemistry is discussed in detail in Section 2.3.2. In the work presented in 
Mosteiro-Romero et al. [98] sperical particles were found to be abundant in the ‘pyrolysis 
zone’ within the 0.9–1 cm particles. These spherical particles are indicative of char 
formation by HTC and would suggest the core is undergoing hydrolysis, but the particle 
size is limiting diffusion of these preliminary products into the bulk water. If this is the 
case it will lead to an increase in organic acids, organic loading, and saccharide 
concentrations within the particle, catalysing the hydrothermal reaction and enhancing 
char formation within the core, which was assumed to be derived through pyrolysis 
reactions in Mosteiro-Romero et al. [98]. It is concequently hypothesised that in the 
smaller particles, with bark, the preliminary products diffuse into the bulk water, while 
they are retained within the larger particles due to diffision limitations. This enhances 
hydrolysis and polymerisation within the larger particles leading to the conversion of 
these volatile compunds which are seen in the smaller particles. 
The carbon, oxygen, volatile carbon and fixed carbon contents of areas within the 
2.5 cm to 4.0 cm samples have been calculated and are stated in Figure 8.8. Samples were 
taken on the vertical and horizontal plane, as shown in Figure 8.2, with the samples on 
the vertical plane believed to be of similar chemistry due to the growth characteristics of 
willow. In the unprocessed material it’s generally observed that the central core of the 
cylinder is highest in fixed carbon, highest in carbon and lowest in oxygen content. This 
260 
 
would be indicative of lignification [362]. There is variation in the carbon, oxygen and 
volatile carbon on the horizontal plane in the unprocessed samples as well as between 
samples of different sizes. The bark appears to have a higher ash and carbon content, 
lower oxygen content and lower volatile carbon content than the stem wood.  
 
Figure 8.7: Unprocessed willow and the resulting bio-coals for a) 3.0 cm with bark, b) 
3.0 cm without bark, c) 4.0 cm with bark, and d) 4.0 cm without bark 
When comparing the HTC samples on the vertical profile there appears to be 
higher carbon contents on the outside of the cylinder than in the centre for all but the 2.5 
cm samples. The cylinder profiles also appear to have slightly higher oxygen contents on 
the outside of the cylinder when compared to the centre. The exception to this being the 
4.0 cm sample, which has a more oxygenated core. The volatile carbon content of the 
sample is also typically lower in the centre of the cylinder compared with the outside, 
with the exception once again being the 4.0 cm sample, which has a higher volatile 


















Figure 8.8d: variation in carbon, oxygen, volatile carbon and fixed carbon (d.b.) in the 2.5 cm willow cylinders. 
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The higher oxygen and volatile carbon content of the centre of the 4.0 cm diameter 
bio-coal samples may indicate the samples are less carbonised than the smaller cylinders, 
although Figure 8.6b still indicates that the cellulose has still been degraded within the 
sample, with the removal of the levoglucasan peak (peak 35). This increase in oxygen 
and volatile carbon within the 4.0 cm sample may well indicate that by 4.0 cm heat 
transfer may be becoming a limitation. In these experiments, all samples were retained 
for one hour at 250 ºC. As demonstrated in Chapter 6, increasing retention times increase 
fixed carbon and decrease volatile carbon of the sample. In larger particles / spheres, it 
will take longer for the centre of the particle to reach temperature than the outside of the 
particle, which would mean the centre of the particle has essentially had a lower retention 
time than the outside layers. While the central core has clearly carbonised based on the 
py-GCMS data any further increase in size beyond 4.0 cm or reduction in retention time 
could result in only a partially reacted core.  
With the exception of the 4.0 cm diameter samples the higher volatile carbon, 
carbon and oxygen contents seen on the outside of the cylinders is indicative of the 
presence of an oily film on the outer surface of the particle, as shown in Figure 8.1. Solid 
State C13 NMR was undertaken on a limited number of samples and the spectra is given 
in Figure 8.9. The NMR spectra does indicate the presence of saturated short chain 
aliphatics, which would support this. Whether this layer is formed in-situ as hypothesised 
in Mosteiro-Romero et al., [98] or were water soluble, at temperature, due to the lower 
dielectric constant and have precipitated onto the surface of the char on cooling as 
hypothesised by others [88-90] is unclear. Either way the presence of this oily film does 
not appear to have hindered carbonisation. 
 
Figure 8.9. C13 NMR Spectra of the inside and outside of the 4 cm bio-coal with bark  
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8.4.2. Influence of size on the handling properties of the fuel 
8.4.2.1.Moisture and hydrophobicity  
Enhanced hydrophobicity of HTC bio-coal is a commonly stated handling 
improvement [178, 179]. The hydrophobicity is brought about though both the 
dehydration of the fuel [179] and the decreasing polarity of the bio-coal [366]. The 
polarity of the fuel can be calculated based on the polarity index which is mass ratio of 
oxygen and nitrogen to carbon [229]. Figure 8.10 shows the moisture content of the bio-
coals after storage at 30 °C and 100 % RH. The results show that size has an influence on 
the hydrophobicity of the fuel, with the larger cylinders giving bio-coals with higher 
initial moisture contents for both with and without bark. Figure 8.10 also shows the 
equivalent sized unprocessed willow and in this instance all samples, irrespective of size 
obtain a similar equilibrium moisture content of around 22%. This result would imply 
that the increasing moisture content in the larger bio-coal samples is as a result of subtle 
changes in sample chemistry as opposed to simply size. Calculation of the polarity index 
of the samples shows that samples become less polar as they increase in size until around 
2.0 cm in diameter, after which they begin to increase in polarity again. This trend follows 
the observed equilibrium moisture contents of the bio-coals closely. Treatment with and 
without bark appears a factor in the hydrophobicity of the bio-coal and appears more 
important than size, with samples with bark having higher equilibrium moisture contents 
than those without. This trend appears once again to be due to the polarity of the samples 
with the samples treated with bark being more polar than their no-bark equivalents.   
Once the equilibrium moisture content at 30 °C and 100 % RH was determined, 
the samples were subsequently stored at 20 °C and 70 % RH and the moisture taken every 
subsequent 24 hours. Under these conditions, the bio-coals are shown to re-equilibrate to 
between 4 and 5 % moisture, with limited difference between sizes and whether they were 
treated with or without bark. For the unprocessed samples, only the 1.0 cm sized cylinders 
appear to reach equilibrium moisture content within 24 hours, with diffiusion limitations 
becoming increasingly apparent with regard to drying, as the samples get larger. The 4.0 
cm samples appear not to have reached equilibrium by 72 hours. This result is significant 
as it shows that the diffision limitations brought about with larger particles are not so 
apparent with bio-coals. Figure 8.8 has demonstrated that the carbonisation is reasonably 
homogenous though the whole cylinder, with an increase in carbon and a decrease in 
oxygen. This suggests the hydrophobic properties of the bio-coal are reletively 
homogenous thoughout the cylinder up to a size of 4.0 cm. This could be significant as 
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some treatments such as torrefaction can lead to a hydrophobic surface, due to the removal 
of the hydroxyl functional groups, but the hydophobic properties are only superficial. 
When stored, coal will become increasingly hydrophillic as the surface oxidises though 
natural weathering during storage [367] and the same is applicable to bio-coals, charcoals 
and torrefied fuels. A homogenous hydrophobic fuel is beneficial as this will prolong the 
hydrophobic nature of the fuel as when the hydrophobic properties are limited to the 
surface these hydrophobic properties can be only temporary, as over time the surface will 
become hydrophillic again.  
 
Figure 8.10: Moisture retention in hours at 20°C (70 % RH) after storage at 30°C (100 
% RH) of unprocessed willow at differing sizes and bio-coals derived from feedstock 
size processed with and without bark 
8.4.2.2.Size and grindability 
Another property commonly reported for HTC is the enhanced friability or 
gridability of the bio-coal [33]. The enhanced grindability appears to be due to HTC 
degrading the hemicellulose and cellulose within the biomass, thus the fibrous material 
that provides strength to the biomass cell walls. The enhanced friability and grindability 
of the biomass is good for both dewatering the bio-coal post carbonisation as the removal 
of the fibrous material will allow for enhanced mechanical water recovery post 
carbonisation. Another benefit of the enhanced grindability comes in the form of 
enhanced flame stability and energy efficiency of pulverised fuel boilers [68]. In 
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Bridgeman et al. [196], unprocessed willow has an HGI of zero. This essentially implies 
under the test conditions, that no fuel would reach the desired 75µm and thus, assuming 
co-milling, there would be either a greater energy requirement for milling to achieve 
75µm or the pulverised fuel particles would be greater than 75µm in diameter. Ndibe et 
al. [197] demonstrated that grade A1 wood pellets had an HGI of 15.  
Investigations into the influence of torrefaction on enhanced grindability have 
been reported in Bridgeman et al. [196] and Ndibe et al. [197], with Bridgeman et al. 
[196] showing that the HGI went from zero to between 5 and 38 for willow with higher 
HGI associated with greater reaction severity. Ndibe et al. [197] investigated torrefied 
poplar between 250 °C and 300 °C, giving an HGI of between 30 and 43. For reference, 
a change in HGI from 15 to 43 represents a 50% reduction in the energy requirement for 
milling [197]. Results presented in Chapter 5 and Smith et al. [260], demonstrated that 
HTC of Miscanthus at 250 °C gives an HGI of 150, which suggests HTC fuel treated at 
250 °C very easily pulverises. 
To assess the impact size has on the grindability an HGI test was undertaken using 
a calibrated ball mill, with the results presented in Figure 8.11. For the unprocessed 
sample an HGI of 10 was achieved, although it should be noted that to undertake this test 
significant size reduction down to 0.6-1.18 mm was required using a cutting mill. The 
results for a 1-2 mm sample gave an HGI of 62, which is lower than the HGI of 150 
reported for Miscanthus in Smith et al. [260]. The results however suggested as particle 
size increases grindability increases, with an HGI of 155 and 133 for the 1.0 cm samples 
with and without bark respectively. The grindability increases up to 3.0 cm with an HGI 
of 173 and 177 for the samples with and without bark respectively. After 3.0 cm the HGI 
starts to decrease with 167 and 163 for the samples with and without bark. This result 
would suggest that with the exception of the 3.0 cm sample the presence of bark during 
carbonisation makes the sample more grindable.  
The result would suggest that the grindability of the bio-coal is not purely dictated 
by the removal of fibrous material that provides strength to the biomass cell walls. As 
previously discussed the higher volatile carbon, carbon and oxygen contents seen on the 
outside of the cylinders presented in Figure 8.8 and Figure 8.9 is indicative of the presence 
of an oily film on the outer surface of the particle, as shown in Figure 8.1. With increasing 
size the outer surface of the cylinders proportional to volume decreases and thus the film 
volume proportional to the remaining bio-coal. The presence of this oily film potentially 
reduces the efficiency of the size reduction. It is also shown in Figure 8.7 that one 
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characteristic property of the samples treated with bark is the bark retains the integrity of 
the cylinder while the equivalent samples without bark swell and disintegrate. This 
disintegration will increase the surface area on which the oily film can deposit and 
consequently could explain the lower grindability of the samples without bark. The 
reduction in HGI beyond 3.0 cm could be indicative of residual fibrous material, 
increasing the resistance to grinding. This fibrous material would be as a result of reduced 
heat transfer resulting in incomplete degradation of the biomass fibres and it is likely 
grindability will reduce as cylinder size exceeds 4.0 cm in diameter, as larger particles 
would only result in a partially unreacted core. 
 
Figure 8.11: The Hardgrove Grindability Index of homogenised bio-coals derived from 
feedstock size processed with and without bark 
8.4.2.3.Fuel burning properties 
Figure 8.12 gives the burning profiles of homogenised samples from the samples 
treated at different sizes, with bark (Figure 8.12a) and without bark (Figure 8.12b). 
Interpretation and significance of fuel burning profiles have been discussed in Sections 
2.4.4.1 and Smith et al. [260]. The burning profiles for all bio-coals give the ‘coal like’ 
burning profile. These ‘coal like’ profiles have almost a single stage profile whereby the 
volatile burn starts at around 310°C, with a ‘shoulder’ on the curve as opposed to 
characteristic independent peaks seen with unprocessed biomass. The second initiation 
temperature due to the onset of char combustion, around 400°C, with peak temperature is 
around 460°C. The results would suggest that the bio-coals produced with bark have a 
slightly higher volatile burn and slightly lower characteristic temperatures. This would 
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alkali and alkaline earth metals present from the bark. These alkali metals are known to 
influence the devolatilisation and char reactivity during combustion [160, 207-209]. 
 
Figure 8.12:  Derivative thermogravimetric (DTG) burning profiles for willow 
hydrothermally treated at 250 °C; a) with bark and b) without. 
8.4.3. Influence of size on the inorganic content of the fuel 
Table 8.2 gives the potassium, sodium, magnesium, calcium, iron, aluminium and 
phosphorus contents within the bio-coals; EDX analysis on the bio-coal ashes had 
demonstrated that these seven elements make up the bulk of metals present. The samples 
would suggest that for the samples with bark, the alkali metals concentration (sodium and 
potassium), decreases with increasing size to 3.0 cm in diameter, after which 
concentration increases. At 4.0 cm concentrations are still lower than the 1-2 mm sample 
but higher than the 1.0 cm samples. A similar trend has been observed for the samples 
without bark although these samples had lower potassium contents in the starting 
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feedstock as in the results the bark has a higher potassium content than the white wood. 
For all the samples the concentration of potassium is lower than the concentration of the 
starting feedstock. This would be beneficial in terms of slagging, fouling and corrosion 
as in biomass combustion, potassium is the main problematic element in these phenomena 
[39]. This said the concentrations of alkali metals in the starting feedstock should not be 
problematic in this instance. 
The higher concentrations of potassium and sodium on the 1-2 mm sample could 
however suggest that surface area has an influence on the retention of metals, particularly 
these mono-valiant metals. Surface area (BET) testing has not been undertaken as part of 
this work but it is most likely that the 1-2 mm samples will have the highest surface area. 
Figure 8.13 shows how the metal concentrations vary throughout the cylinder for the 2.5 
to 4.0 cm samples, with the results suggesting the outer surface of the cylinder has the 
highest concentrations of sodium and potassium once treated. As discussed earlier, there 
appears to be higher volatile carbon and oxygen on the outside of the cylinder, shown in 
Figure 8.8, which may be indicative of the presence of an oily film on the outer surface 
of the particle. This could suggest an interaction between the volatile carbon, in particular 
its oxygen containing functional groups, and alkali metals. It is known that surface oxygen 
containing functional groups can bind to cations such as sodium, potassium, magnesium, 
calcium, which can then be released upon thermal treatment [232]. Consequently, this 
could suggest the reuptake of metals from the process water onto the surface of the bio-
coal. Given this material will be volatilised on combustion, this could lead to the 
volatilisation of these metals bringing about issues with fouling, as hypothesised in 
Section 2.5.3.2 and Smith et al. [354], where otherwise the potassium may be retained 
with the  ash fraction due to interaction with calcium and silicates [234, 235]. If this the 
case increasing the particle size may well reduce the fuel’s fouling potential. 
The results also show a similar trend for calcium as seen with potassium, with a 
slight reduction for both the with bark and without bark samples up to 3.0 cm and then an 
increase in concentration thereafter. For calcium there is however a big difference in 
concentration between the with bark and without bark samples. The bark has a high 
calcium content compared to the white wood, with 12 mg/kg compared with 1.2 mg/kg 
for the white wood. This results in the samples treated with bark having a higher calcium 
content, than those without. The calcium appears to be largely retained within the bark 
and is not homogenously distributed through the fuel, as shown in Figure 8.13. The 
exception appears to be the 4.0 cm samples, which has reasonably high calcium 
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concentrations within the centre of the sample. It is however likely that this higher 
concentration of calcium in the core of the 4.0 cm diameter samples is due to retention of 
metal-containing process water as opposed to difference in chemistry. In these 
experiments separation of the solids and process water was undertaken using vacuum 
assisted filtration without the assistance of mechanical de-watering. It is likely that as the 
cylinders become larger more residual process water is left within the char micro and 
macro pores when filtered. This will, on drying, deposit metal salts on the bio-coal, as 
seen when recycling process waters in Section 7.4.2. This would explain the increase in 
metal concentrations from 3.0 cm with bark and 3.5 cm without.  
Given the high HGI of these materials removal of this water retained within the 
micro and macro pores should be possible using mechanical dewatering presses, such as 
an extruder press. The presence of metal-rich process water in the central core does show 
that there is free movement of water though the particle, and consequently the formation 
of a low water permeable hydrolysis layer which may reduce or prevent the extraction of 
metals though water diffusion limitations does not appear to happen. While further work 
using mechanical dewatering appears that increasing size may, if anything, facilitate 
increased extraction due to the reuptake mechanisms discussed.   
Of the elements analysed only phosphorus increases in concentration within the 
bio-coals compared to the starting feedstock. In HTC bio-coals, phosphorus appears to be 
associated with calcium [368] in much the same way as sulphur is associated with iron in 
coal [369]. The results given in Figure 8.13 could suggest that the calcium retained within 
the bio-coal is associated with the phosphorus. Low concentrations of iron, aluminium 
and magnesium in the samples mean there is only limited variation between the samples 
of varying size.  
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Table 8.2: The inorganic chemistry of homogenised bio-coals derived by varying feedstock size, processed with and without bark 
Sample  
metals and phosphorus (mg/kg) 
K Na Mg Ca Al Fe P 
Unprocessed With Bark 2.0 ± 0.0 0.6 ± 0.1 0.4 ± 0.0 3.6 ± 0.3 0.3 ± 0.0 0.3 ± 0.0 0.9 ± 0.0 
Unprocessed Bark (only) 4.6 ± 0.1 0.7 ± 0.0 1.0 ± 0.0 12.0 ± 0.5 0.2 ± 0.0 0.2 ± 0.0 1.6 ± 0.0 
HTC 250 With 
Bark 
1-2 mm 0.9 ± 0.1 0.9 ± 0.2 0.3 ± 0.0 3.1 ± 0.0 0.2 ± 0.0 0.5 ± 0.0 1.0 ± 0.0 
1.0 cm 0.5 ± 0.0 0.8 ± 0.1 0.2 ± 0.0 2.6 ± 0.3 0.2 ± 0.0 0.6 ± 0.0 1.0 ± 0.0 
1.5 cm 0.6 ± 0.1 0.8 ± 0.1 0.2 ± 0.0 1.9 ± 0.5 0.2 ± 0.0 0.4 ± 0.0 0.8 ± 0.0 
2.0 cm 0.3 ± 0.0 0.5 ± 0.2 0.1 ± 0.0 2.8 ± 0.1 0.1 ± 0.0 0.3 ± 0.1 0.8 ± 0.1 
2.5 cm 0.4 ± 0.1 0.6 ± 0.0 0.2 ± 0.0 1.9 ± 0.2 0.1 ± 0.0 0.3 ± 0.0 0.8 ± 0.0 
3.0 cm 0.3 ± 0.0 0.9 ± 0.0 0.2 ± 0.0 2.5 ± 0.3 0.2 ± 0.0 0.5 ± 0.0 0.8 ± 0.1 
3.5 cm 0.5 ± 0.1 0.7 ± 0.1 0.2 ± 0.0 3.5 ± 0.2 0.1 ± 0.0 0.3 ± 0.0 0.9 ± 0.0 
4.0 cm 0.6 ± 0.1 0.7 ± 0.0 0.3 ± 0.0 2.8 ± 0.5 0.1 ± 0.0 0.4 ± 0.1 0.9 ± 0.0 
Unprocessed Without Bark 0.9 ± 0.0 0.7 ± 0.1 0.2 ± 0.0 1.2 ± 0.2 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.0 
HTC 250 Without 
Bark 
1.0 cm 0.5 ± 0.0 0.6 ± 0.0 0.2 ± 0.0 1.3 ± 0.1 0.1 ± 0.0 0.3 ± 0.0 0.6 ± 0.0 
1.5 cm 0.4 ± 0.1 0.7 ± 0.1 0.2 ± 0.0 1.2 ± 0.2 0.2 ± 0.0 0.4 ± 0.1 0.5 ± 0.0 
2.0 cm 0.3 ± 0.1 0.6 ± 0.0 0.1 ± 0.0 0.9 ± 0.2 0.1 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 
2.5 cm 0.3 ± 0.1 0.5 ± 0.0 0.1 ± 0.0 0.7 ± 0.1 0.2 ± 0.0 0.4 ± 0.1 0.7 ± 0.0 
3.0 cm 0.3 ± 0.1 0.6 ± 0.0 0.1 ± 0.0 0.8 ± 0.1 0.2 ± 0.0 0.4 ± 0.1 0.6 ± 0.0 
3.5 cm 0.2 ± 0.0 0.6 ± 0.1 0.2 ± 0.0 1.2 ± 0.1 0.1 ± 0.0 0.3 ± 0.0 0.6 ± 0.0 


















Figure 8.13d: variation in potassium, sodium, calcium and phosphorus in the 2.5 cm willow cylinders. 
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Ash fusion testing was undertaken to investigate how the extraction of metals with 
increasing size influences the slagging and fouling propensity of the fuel. The results are 
given in Table 8.3. The results show that the starting biomass has good fouling and 
slagging propensity with deformation temperature around 1530 ˚C. For the treatments 
with bark the ash transition temperatures remain relatively high, albeit slightly lower than 
the starting biomass. It should however be noted that despite a small increase in slagging 
propensity the temperatures are still very high so the fuels will be regarded as low 
slagging fuels. Fuels treated without bark appear to undergo a sharp decline in in both 
deformation and hemisphere temperatures. This would certainly indicate the fuels would 
have a greater propensity to slag during combustion and this propensity appears to 
increase with increasing size. The metal analysis of the fuels is given in Table 8.2 and it 
appears that the fuel’s calcium content is the main driver behind this. 
As discussed in the previous chapters, calcium is known to increase ash melting 
temperature and will restrain ash melting, ash sintering and slagging in bottom ash [39]. 
The high calcium content of the bark results in a higher calcium content in the fuel, which 
gives it a higher ash melting temperature. The higher level of phosphorus in the bark is 
also beneficial for the slagging and fouling propensity of the resulting bio-coal as calcium 
is more active in combustion of biomass fuels that are rich in phosphorus and potassium 
[202, 242, 254]. This is because potassium present within can either bind with calcium 
rich phosphates, or become potassium phosphates, which then further react with calcium 
oxides. These calcium potassium phosphate complexes are stable and removes the 
potassium available to form low temperature melting potassium silicates [200, 202]. The 
chemistry of this process is discussed in detail in Section 2.5.3.1. The calcium and 
phosphorus interaction is also more beneficial than that of just calcium as calcium on its 
own as when calcium present in the fuel dissolves into potassium silicate melts the 
reaction can result in the release of potassium into the gas phase, which can bring about 
the issues of fouling and corrosion. The presence of both calcium and phosphorus avoids 
this. Consequently, the results show that when undertaking HTC with willow, it is best to 
process with the bark as the presence of the calcium and phosphorus has a positive 
influence on the slagging and fouling propensity of the fuel. Processing without bark 





Table 8.3: Ash fusion behaviour of unprocessed and processed willow hydrothermally 
treated at 250 °C with and without bark, along with unprocessed bark. 
Sample 
Ash Transition Temperature (˚C) 
Shrinkage Deformation Hemisphere Flow 
Unprocessed With Bark 1010 ± 0 1540 ± 0 1560 ± 0 1570 ± 0 
Unprocessed  Bark (only) 1050 ± 0 1510 ± 0 1510 ± 0 1510 ± 0 
HTC 250 With Bark 
1.0 cm 1110 ± 0 1480 ± 10 1530 ± 0 1530 ± 0 
1.5 cm 1000 ± 0 1540 ± 0 1580 ± 0 1580 ± 0 
2.0 cm 1000 ± 0 1480 ± 0 1530 ± 0 1530 ± 0 
2.5 cm 1060 ± 0 1510 ± 0 1580 ± 5 1580 ± 0 
3.0 cm 1170 ± 0 1490 ± 0 1550 ± 5 1550 ± 5 
3.5 cm 1170 ± 0 1520 ± 0 1530 ± 0 1530 ± 0 
4.0 cm 1080 ± 0          
Unprocessed Without Bark 850 ± 0 1530 ± 5 1550 ± 5 1550 ± 5 
HTC 250 Without 
Bark 
1.0 cm 970 ± 0 1370 ± 0 1400 ± 0 1500 ± 0 
1.5 cm 990 ± 0 1430 ± 0 1530 ± 0 1580 ± 0 
2.0 cm 990 ± 0 1170 ± 0 1330 ± 0 1370 ± 0 
2.5 cm 1020 ± 0 1170 ± 0 1250 ± 0 1350 ± 0 
3.0 cm 1010 ± 0 1270 ± 0 1290 ± 0 1400 ± 0 
3.5 cm 1020 ± 0          
4.0 cm 910 ± 0 1370 ± 10 1420 ± 15 1490 ± 0 
8.5. Conclusions 
The results have shown that the formation of an outer oily film on the bio-coal 
does not prevent the intimate contact between the biomass and process water. The results 
show that for 4.0 cm diameter cylinders there was still complete conversion of the 
cellulose, with limited change in hydrothermal chemistry. Larger particles do however 
impose some diffusion limitations, reducing the release of preliminary products into the 
bulk water which enhances hydrolysis and polymerisation within the particle. This 
appears to increase the energy density of the fuel, reduce the volatile carbon fraction and 
significantly improves the grindability behaviour of the fuel, which would represent a 
huge reduction in the energy requirements for milling, if the fuel is used in pulverised 
fuel applications. Size does appear to have some limitations on heat transfer with energy 
density reducing in samples beyond 2.5 cm in diameter when processed with bark and 3.0 
cm when processed without bark. This difference appears to be due to the bark retaining 
the integrity of the cylinder and increasing retention time may overcome this.  
Metal analysis suggests that there is free movement of water though the particle 
at 4.0 cm in diameter and metal extraction is not limited though the formation of a low 
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water permeable hydrolysis layer. Reduction in the ease at with residual process water 
can be extracted from the pores in the larger particles does however reduce metal 
extraction. The ease at which the bio-coal can be ground should enable further recovery 
using mechanical dewatering techniques. Ash fusion testing has shown processing willow 
with the bark has a positive influence on the slagging and fouling behaviour of the fuel 
due to the increased calcium and phosphorus in the ash. Consequently, with the 
incorporation of mechanical dewatering larger particle diameters, up to a particle size of 





9. Influence of pH on the combustion properties of bio-coal following hydrothermal 
treatment of Swine manure 
9.1. Abstract 
Swine manure has been hydrothermally treated between 120 and 250°C in water 
or solutions of 0.1M NaOH, 0.1M H2SO4 or 0.1M of the organic acid (CH3COOH and 
HCOOH) and the influence pH has on the HTC process and combustion properties of the 
resulting fuels assessed. Results show pH most strongly influences ash chemistry, with 
decreasing pH increasing removal of ash. This reduction in ash has the biggest influence 
on the volatile carbon and energy content of the fuel, with lower ash contents bringing 
about higher energy densities when calculated on a dry basis for a given temperature. pH 
also influences dehydration, with a fuel’s dehydration increased with decreasing pH, 
although with increasing temperature the influence pH has on dehydration becomes less. 
pH and temperature appear to influence yield, with lower pH increasing yields above 250 
°C but decreasing yields below 200 °C. The lower yields below 200 °C appear to be due 
to the acids catalysing hydrolysis of ‘cellulose like’ fibres within the swine manure. The 
higher yields at 250 °C appear to be due to the low pH catalysing polymerisation due to 
its influence on the electrokinetic potential of the hydrothermal suspension. The untreated 
manure contains high levels of ionic sodium and potassium, which should bring about 
issues with deposition but ash fusion tests show the high calcium and phosphorus 
mitigates this. Treatment at 250 °C results in a more coal-like fuel with fuel properties 
similar to that of lignite coal and a HHV of between 21 and 23 MJ/kg depending on pH 
and can give very favourable ash chemistry in terms of slagging and fouling.  
9.2. Introduction 
As discussed in Section 2.3.10 the use of acid catalysts was initially widely 
investigated in HTC as it was reported early on that weekly acidic conditions improve the 
overall rate of reaction. While acid catalysts have largely fallen out of favour in HTC 
research the exception to this has been the application of acids in manures. The reason 
behind this has been due to environmental issues arising from the application of excessive 
amounts of manure to soil which brings about the accumulation of nutrients in soils with 
potential for surface and groundwater pollution [370]. Consequently there has been 
growing interest in using the technique for reclaiming key plant nutrients such as 
phosphorus while simultaneously making a fuel for energetic purposes [371]. 
Animal manures are usually a mixture of faeces, urine, discarded bedding, and 
waste feed with variable water content. Therefore HTC is well suited to the treatment of 
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manures as moisture will not be prohibitive in the processing [370]. The main advantage 
behind hydrothermal processing of manures is a number of key plant nutrients, including 
potassium and phosphorus form soluble phosphates and are extracted into the aqueous 
phase where they can be precipitated and recovered [87, 89]. The extent to which the 
phosphorus is converted is however feedstock dependent and it is largely associated with 
the inorganic content of the feedstock [372]. Previous studies looking into the HTC of 
manures have found that phosphorus within the manure feedstock is not easily extracted, 
leading to the immobilisation of the phosphorus in the bio-coal and this has prompted the 
application of acids in HTC to aid phosphorus extraction [131, 132, 371].  
While the studies all suggest dilute acids could simultaneously facilitate nutrient 
recovery from manure while upgrading the manure to a bio-coal, these studies have not 
considered the implications that changes to the inorganic chemistry may have in terms of 
combustion. Work presented in the previous chapters has demonstrated that reduction in 
slagging and fouling propensity of HTC fuels is partially due to reduction in alkali metals, 
but also the retention of calcium and phosphorus within the bio-coal. As previously 
discussed phosphorus is often a controlling element in the ash transformation reactions 
during biomass combustion due to the high thermal stability of phosphate compounds 
[200] and its removal could be problematic.  
In this work Swine manure has been hydrothermally treated between 120 and 
250°C in water or solutions of 0.1M NaOH, 0.1M H2SO4 or 0.1M of the organic acid 
(CH3COOH and HCOOH) and the influence pH has on the HTC process and combustion 
properties of the resulting fuels assessed. 
9.3. Methods  
9.3.1. Materials 
Samples used in this study had been previously produced as part of a separate 
project looking into nutrient extraction under the ‘Biorefine’ project via the ERDF 
Interreg IVb NWE region programme and repurposed for this study. HTC was carried out 
by Dr Ugo Ekpo, with all additional analysis undertaken by Aidan Smith. Swine manure 
used in this study was collected from the University of Leeds farm. The manure was pre-
dried in an oven at 60°C for several days after which it was ground into powder using an 
Agate Tema barrel before processing or characterisation. 
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9.3.2. Hydrothermal Processing  
Hydrolysis and hydrothermal carbonisation of swine manure were performed in 
an unstirred 600mL high pressure batch reactor (Parr, USA). In each experiment, the 
reactor was charged with a slurry containing 24g of swine manure with either 220 mL of 
de-ionised water or solutions of 0.1M NaOH, 0.1M H2SO4 or 0.1M of the organic acid 
(CH3COOH and HCOOH). Hydrothermal processing for each slurry was performed at 
120°C, 170°C, 200°C and 250°C for 1hour. The residence time was taken from the point 
the reactor reached the desired temperature. The heating rate was approximately 10°C 
min-1 and the cooling rate was in a similar order. After processing, the reactor was allowed 
to cool to room temperature before separating the products. Yields are defined as dry bio-
coal mass compared with original dry mass of unprocessed manure. 
9.3.3. Analysis 
9.3.3.1.Inorganic analysis 
Inorganic elemental composition was determined using WD-XRF, using 550 °C 
derived ash, pressed without a binder. Full method can be found in Section 3.6.8. 
9.3.3.2.Organic analysis, combustion properties and ash measurement 
Carbon, hydrogen, nitrogen, sulphur and oxygen content was determined using a 
Flash 2000 CHNS-O analyser (Thermo Scientific, USA), with the method described in 
Section 3.4.2. The volatile and fixed carbon component of the proximate analysis carried 
out using thermo-gravimetric analysis (Mettler Toledo, Switzerland) as described in 
Section 3.3.3. Ash content was determined using a muffle furnace, as described in Section 
3.3.2. Moisture content was determined using a moisture oven as described in Section 
3.3.1. The calorific value was determined using Dulong’s Equation (see Equation 3.11). 
Figures are corrected in accordance with ASTM D3180-15, with hydrogen and oxygen 
values corrected to account for moisture. Burning profiles, ignition, flame stability and 
burnout temperatures were obtained by TPO, as described in Section 3.8. 
9.3.3.3.Prediction of slagging and fouling behaviour 
Ash fusion testing (AFT) was performed using a Carbolite digital ash fusion 
furnace in accordance with the standard method for the determination of ash melting 
behaviour (DD CEN/TS 15370-1:2006) using the methodology described in Section 
3.7.1. In addition, various slagging and fouling indices have been utilised with their 
equations 1-3 in Table 3.3. Their underlying theory and calculation methodologies given 




9.4.1. Influence of pH on fuel organic chemistry 
The yields and ultimate analysis of the bio-coals derived from the swine manure 
are given in Table 9.1. The results show that with decreasing pH there increased removal 
of ash, with lower pH treatments having lower ash contents for their respective 
temperature. The exception being acetic acid (pH 2.88) which appears to have slightly 
lower ash content than formic acid (pH 2.38). Yields on a dry basis also appear 
influenced by pH, with higher yields associated with lower pH. The exception to this 
being sulphuric acid at lower temperatures, with lower yields observed at 120 °C than 
the higher pH treatments. This lower yield is in part because of the reduced ash content 
although lower yields can also be associated with enhanced oxygen removal. Due to the 
variation between ash contents with differing pH, Table 9.2 gives the ultimate analysis 
on a dry ash free (daf) basis, to enable direct comparisons between the organic chemistry 
of the different treatments. The results show that for the 120 °C treatment in sulphuric 
acid there is a higher carbon density and lower oxygen content for this treatment than 
the higher pH treatments at this temperature. 
A Van Krevelen plot of the bio-coals from different pH and temperatures is given 
in Figure 9.1. The results show that with increasing temperature the bio-coals have more 
coal-like properties, with the plot indicating the fuel is undergoing increasing dehydration 
with increasing temperature and decreasing pH. pH appears to influence coalification 
with sulphuric acid (pH 1) giving the most dehydrated fuel at 120 °C and 170 °C; the 170 
°C results show most clearly that the sulphuric acid is dehydrating the most, and the 
sodium hydroxide (pH 13) dehydrating the least at this temperature. This result fits with 
findings of Van Krevelen and co-workers in the 1950s and 1960’s who, amongst other 
parameters, found the pH had an outcome of the carbonisation reaction [19, 20]. The 
results do however indicate that with increasing temperature the influence of the pH on 
dehydration becomes less, with the fuels from all conditions becoming similar in terms 
of atomic ratios at the higher temperatures.  
The most dehydrated / coalified fuels for the 250 °C treatments are actually in the 
presence of formic acid followed by acetic acid (pH 2.38 and 2.88 respectively). The dry 
ash free ultimate analysis data presented in Table 9.2 indicates that these two acid-treated 
bio-coals have the highest carbon density with 71 % (daf). This higher carbon content 
could however be due to formic and acetic acid being organic acids, which would result 
in increased carbon within the hydrothermal reaction. This may well explain the higher 
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carbon content and lower O/C ratio. Use of a mineral acid at pH 2.38 and 2.88 respectively 
could well give an O/C ratio similar to that of water in Table 9.2 and Figure 9.1.  
The results given in Table 9.2 suggest that the bio-coal from sulphuric acid at 250 
°C has the lowest carbon content at 66 % (daf). The sulphuric-acid-samples have however 
acquired sulphur from the acid, which makes up 4 % (daf) of the fuel. Given the other 
samples are low in sulphur; the sulphur will reduce the relative carbon content of the fuel 
when compared to the other treatments, even when correcting to a dry ash free basis. The 
analysis of the 250 °C bio-coals in Table 9.2 would suggest the bio-coal is similar in 
property to Lignite A coal as described in Smith et al. [64] for all pH treatments. 
 


























(%) C (wt %) H (wt %) N (wt %) S (wt %) 0 (wt%) Ash (wt %) 
Sodium Hydroxide 120°C 84 42.7 ±0.3 5.0 ±0.0 2.4 ±0.0 0.1 ±0.0 37.1 ±0.5 12.6 
Sodium Hydroxide 170°C 64 45.0 ±0.2 5.1 ±0.1 2.1 ±0.0 0.1 ±0.0 32.6 ±0.9 15.2 
Sodium Hydroxide 200°C 59 48.4 ±0.2 5.2 ±0.1 2.4 ±0.0 0.2 ±0.0 27.8 ±0.0 16.0 
Sodium Hydroxide 250°C 41 49.8 ±0.0 4.8 ±0.0 2.5 ±0.0 0.3 ±0.0 15.0 ±0.1 27.6 
Water 120°C 86 45.4 ±0.5 5.8 ±0.4 2.4 ±0.1 0.1 ±0.0 35.5 ±1.0 10.7 
Water 170°C 62 47.3 ±0.3 5.0 ±0.0 2.3 ±0.1 0.2 ±0.0 31.2 ±0.4 14.0 
Water 200°C 59 50.8 ±0.3 5.2 ±0.0 2.4 ±0.0 0.2 ±0.0 27.0 ±0.1 14.3 
Water 250°C 43 53.5 ±3.4 4.9 ±0.4 2.8 ±0.2 0.3 ±0.0 16.7 ±0.3 21.9 
Acetic Acid 120°C 83 45.0 ±0.2 5.1 ±0.0 2.6 ±0.2 0.1 ±0.0 36.2 ±0.4 11.0 
Acetic Acid 170°C 61 47.9 ±0.7 5.2 ±0.1 2.5 ±0.1 0.1 ±0.0 31.1 ±0.6 13.0 
Acetic Acid 200°C 59 50.1 ±0.8 5.1 ±0.1 2.3 ±0.1 0.1 ±0.0 27.9 ±1.9 14.5 
Acetic Acid 250°C 44 56.6 ±0.6 5.2 ±0.1 2.9 ±0.0 0.2 ±0.0 15.4 ±0.1 19.7 
Formic Acid 120°C 83 45.0 ±1.1 5.4 ±0.2 2.5 ±0.1 0.2 ±0.0 35.9 ±1.4 11.0 
Formic Acid 170°C 61 49.8 ±0.1 5.7 ±0.2 2.6 ±0.0 0.2 ±0.0 29.0 ±0.9 12.7 
Formic Acid 200°C 58 50.8 ±0.2 5.0 ±0.1 2.3 ±0.1 0.2 ±0.0 27.1 ±0.3 14.6 
Formic Acid 250°C 44 56.0 ±1.4 5.1 ±0.1 2.9 ±0.1 0.3 ±0.0 14.9 ±0.3 20.8 
Sulphuric Acid 120°C 75 47.9 ±0.5 5.6 ±0.0 2.2 ±0.0 1.0 ±0.0 35.2 ±2.3 8.1 
Sulphuric Acid 170°C 58 50.5 ±0.6 5.7 ±0.0 2.4 ±0.1 1.7 ±0.1 29.8 ±0.7 10.0 
Sulphuric Acid 200°C 57 52.4 ±0.2 5.5 ±0.0 2.2 ±0.0 1.7 ±0.0 28.1 ±0.2 10.1 







Table 9.2: Ultimate analysis, proximate analysis and yields of fuels on a dry ash free basis 
Sample Name 
Dry Ash Free Basis 
yield 





Sodium Hydroxide 120°C 84 48.9 5.7 2.8 0.2 42.5 1.40 0.65 80 20 
Sodium Hydroxide 170°C 62 53.0 6.0 2.4 0.1 38.4 1.36 0.54 80 20 
Sodium Hydroxide 200°C 57 57.7 6.2 2.8 0.2 33.1 1.29 0.43 77 23 
Sodium Hydroxide 250°C 34 68.8 6.6 3.4 0.4 20.8 1.15 0.23 68 32 
Water 120°C 88 50.9 6.5 2.7 0.2 39.7 1.53 0.59 82 18 
Water 170°C 61 54.9 5.9 2.7 0.3 36.2 1.28 0.49 78 22 
Water 200°C 58 59.3 6.1 2.8 0.3 31.5 1.24 0.40 76 24 
Water 250°C 38 68.5 6.2 3.6 0.4 21.3 1.09 0.23 67 33 
Acetic Acid 120°C 85 50.5 5.8 2.9 0.2 40.7 1.37 0.60 80 20 
Acetic Acid 170°C 61 55.1 6.0 2.9 0.2 35.8 1.30 0.49 79 21 
Acetic Acid 200°C 58 58.6 5.9 2.7 0.2 32.7 1.21 0.42 75 25 
Acetic Acid 250°C 40 70.5 6.5 3.7 0.3 19.1 1.10 0.20 67 33 
Formic Acid 120°C 85 50.6 6.0 2.8 0.2 40.4 1.43 0.60 81 19 
Formic Acid 170°C 61 57.0 6.5 3.0 0.2 33.2 1.38 0.44 79 21 
Formic Acid 200°C 57 59.5 5.9 2.6 0.2 31.7 1.19 0.40 75 25 
Formic Acid 250°C 40 70.7 6.5 3.6 0.3 18.9 1.10 0.20 68 32 
Sulphuric Acid 120°C 79 52.1 6.1 2.4 1.1 38.3 1.40 0.55 83 17 
Sulphuric Acid 170°C 60 56.1 6.3 2.6 1.9 33.1 1.35 0.44 83 17 
Sulphuric Acid 200°C 59 58.3 6.1 2.4 1.9 31.3 1.26 0.40 76 24 
Sulphuric Acid 250°C 46 66.4 5.9 3.2 4.0 20.4 1.07 0.23 66 34 
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Yields are corrected to give yield on a dry ash free basis in Table 9.2. It appears 
that decreasing pH increases yields for temperatures above 250 °C but decreases yields 
for temperatures below 200 °C. This would appear to be due to pH enhancing the rate of 
hydrolysis. The generation of hydronium ions due to the presence of acids are known to 
catalyse the hydrolysis of hemicellulose and cellulose into monosaccharides in 
lignocellulosic biomass [84]. Figure 9.2 shows the combustion profiles of the bio-coals 
following different treatment with different pH and temperature. While no fibre analysis 
has been undertaken as part of this work the 120 °C, 170 °C and 200 °C treatments have 
a distinct volatile burn peak at around 300 °C which is normally consistent with the 
presence of cellulose within a fuel [260]. For the 250 °C treatments the results displayed 
in Figure 9.2 show this peak is all-but-removed from the profiles of all fuel. This would 
suggest that cellulose or ‘cellulose-like’ components within the feedstock are removed by 
250 °C. It appears likely that the lower yields associated with lower pH in the 120 °C, 
170 °C and 200 °C treatments are due to the lower pH enhancing the hydrolysis of the 
cellulose or ‘cellulose-like’ components within the feedstock, resulting in its removal 
from the resulting bio-coal. For the 250 °C treatment the increased yield at lower pH 
would suggest that pH is also catalysing repolymerisation.  
In HTC the hydrolysis of components such as hemicellulose and cellulose results 
in the formation of monosaccharides within the process water. These then undergo 
dehydration and fragmentation before repolymerisation and condensation leading to the 
formation of the char, as discussed in Section 2.3.2 [309, 348]. pH should play a key role 
in this polymerisation due to the influence pH has on zeta potential. Zeta potential, or as 
it is more correctly known, electrokinetic potential, is a key indicator of the stability of 
colloidal dispersions. The magnitude of the zeta potential indicates the degree of repulsion 
of likewise-charged particles in a dispersion. A high zeta potential will mean the solution 
or dispersion will resist agglomerating and flocculating. Bio-coals have a negative zeta 
potential as the HTC materials have negative acidic oxygenated groups on the surface, 
making them behave like weak acids [91]. When alkali is added to a hydrothermal 
suspension, the particles will tend to acquire a more negative charge and this will reduce 
the chance of them flocculating and forming the char. This is demonstrated in the bio-
coal produced in sodium hydroxide solution at 250 °C, which has the lowest yield. If acid 
is added to the suspension a point is reached where the negative charge is neutralised 
[135]. The point zeta is at zero is the isoelectric point and would be the point the 
suspension is most likely to flocculate. For the water and acid treated experiments lower 
pH increases yields for the 250 °C treatments, which would suggest that lowering pH is 
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reducing the electrokinetic potential of the decomposition products within the aqueous 
phase enabling them to polymerise and increase char yield.  
When looking at the bulk properties, excluding sulphur content, (carbon, 
hydrogen, nitrogen, oxygen, fixed carbon and volatile carbon) there appears limited 
difference between the bio-coals that have undergone HTC at 250 °C, other than yield. 
This would support the assertion that at this temperature pH is catalysing 
repolymerisation, with the char otherwise similar in composition. The exception being 
formic and acetic acid, albeit this difference appears to be due to these acids being organic 
acids, resulting in increased carbon within the hydrothermal reaction, as previously 
discussed. 
The idea that lower pH is catalysing flocculation and polymerisation will also 
support the findings of Ghanim et al. [133]. Ghanim et al. [133] looked into the HTC of 
poultry litter at 250 °C for 2 h using various initial pH with sulphuric acid and found 
increasing sulphuric acid content appeared to both increase yield and decrease ash 
content. This however contradicts the findings in Chen et al. [134] who used sulphuric 
acid and bagasse, who found the inverse. Shorter retention times were however used in 
Chen et al. [134] (5 minutes, 15 minutes and 30 minutes). Given repolymerisation and 
aromatisation is considerably slower than hydrolysis, decarboxylation and dehydration 
reactions [11], it appears plausible that the longer retention time in Ghanim et al. [133] 
enabled greater repolymerisation than seen in Chen et al. [134]. 
9.4.2. Influence of pH on fuel inorganic chemistry 
The metal analysis of the bio-coals and unprocessed pig manure is given in Table 
9.3. The results show that despite apparent increases in ash content the overall inorganic 
chemistry changes depending on both the temperature of the treatment and the pH. For 
all treatments almost all potassium, sodium and strontium (typically in excess of 95 %) 
goes into the aqueous phase. The 120 °C treatment with water demonstrates that for all 
three metals around 11% of the original metal is retained within the char, with the 
remaining 11 % gradually reduced with increasing temperature. Almost complete 
removal is seen at 250 °C, regardless of pH. The exception being for the sodium 
hydroxide treatments. At 120 °C the sodium content actually increases due to residual 
sodium hydroxide being retained within the char. This said, by the 250 °C treatment, the 
bio-coal has the equivalent of only 12 % of the original sodium in the feedstock along 
with almost complete removal (98 %) of the potassium. This would suggest a reduced 
cation exchange capacity in the 250 °C bio-coals. 
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The results of the 120 °C treatment with water are significant as autoclaving fuel 
samples at 120 °C for one hour in water is a method for determining free ionic salts within 
a biofuel, as provided in BS EN ISO 16995-2. Consequently, metals removed in this 
treatment can, under BS EN ISO 16995-2, be regarded as in free ionic form. This result 
would suggest that around 90 % of the sodium, potassium and strontium are in free ionic 
forms, along with 40 % of the magnesium and 25 % of the phosphorus. The calcium, 
aluminium, silicon, manganese, iron, copper and zinc do not appear to be in a water 
soluble ionic form. In higher plants typically over 90 % of potassium and sodium is in 
ionic form, while 60-90 % and 30-85 % of magnesium and calcium is ionic [38]. The 
results for the 120 °C treatment with water would suggest that for pig manure there is a 
similar proportion of free ionic potassium and sodium in the fuel, but a greater proportion 
of the calcium, magnesium and phosphorus is either organically associated or present in 
mineral form than in lignocellulosic biomass [37, 39]. The relatively low extraction of 
phosphorus in water at 120 °C would suggest phosphorus is present as low solubility salts 
such as calcium and magnesium phosphate. 
The behaviour of silicon is particularly notable in the results as for all pH 
treatments it appears to undergo increasing removal with increasing temperature, with 
between 45 and 60 % retained, depending on pH, at 250 °C. As stated in Chapter 4 and 
5, silicon appears reasonably recalcitrant, largely being retained in the bio-coal. The 
removal is surprising, since while silicon can be water soluble, to become water soluble 
silicon has to be hydrated and become silicic acid (H4O4Si), which unless kept buffered 
within certain boundaries, readily degrades back to insoluble silicon dioxide (SiO2) [213, 
260]. Partial dissolution of silicon was reported in Fellinger et al. [150] so it appears under 
correct conditions part removal is possible.  
Magnesium retention appears to be strongly influenced by pH with the highest 
retentions seen with the sodium hydroxide solutions (pH 13) and reduced retention with 
decreasing pH. Temperature also appears highly important with the highest removal 





Table 9.3: Main inorganics present within the unprocessed pig manure and derived bio-coals 
Sample Name 
mg/kg fuel (db) 
Na K Mg Ca Al Si P Mn Fe Cu Zn Sr 
Unprocessed Pig Manure 1426 12100 9395 27035 434 3654 15197 314 1090 140 634 367 
Sodium Hydroxide 120°C 2933 4126 9869 30212 413 3447 15431 445 1278 153 604 39 
Sodium Hydroxide 170°C 2020 2927 10002 41385 620 4067 19254 633 1712 230 864 61 
Sodium Hydroxide 200°C 1121 1371 7056 45915 715 3324 24748 531 1797 254 963 51 
Sodium Hydroxide 250°C 404 577 17221 74240 1174 10311 41254 819 3177 394 1771 93 
Water 120°C 193 1493 6232 31645 546 3710 13139 411 1464 195 701 45 
Water 170°C 92 1043 5388 41790 674 3249 21806 599 1632 227 788 61 
Water 200°C 156 411 6544 38053 660 3203 25178 452 1224 197 657 40 
Water 250°C n/d 392 10323 61727 1008 4533 36468 766 2287 380 1444 80 
Acetic Acid 120°C 199 1920 4201 30840 572 4709 15020 433 1447 220 701 45 
Acetic Acid 170°C 37 469 4201 38345 783 3699 20876 499 1527 262 758 45 
Acetic Acid 200°C 105 425 4596 43490 721 3321 23494 573 1555 271 853 55 
Acetic Acid 250°C 53 397 7123 57455 941 3504 34106 590 2252 324 1489 71 
Formic Acid 120°C 114 1048 3685 30815 576 5344 15808 403 1523 208 653 42 
Formic Acid 170°C 85 644 3624 37304 750 3995 20297 462 1336 234 642 48 
Formic Acid 200°C 125 508 4542 43529 809 3646 24236 500 1411 286 803 55 
Formic Acid 250°C 161 743 8307 60023 1023 4893 34543 901 2528 317 1516 89 
Sulphuric Acid 120°C 171 1312 1490 19342 609 5182 2566 56 518 195 234 27 
Sulphuric Acid 170°C 160 1252 1170 25280 670 4559 1728 n/d 593 222 226 28 
Sulphuric Acid 200°C 125 1213 2152 24507 709 4287 3815 138 734 203 281 32 
Sulphuric Acid 250°C 28 406 4083 34688 877 3472 6670 414 1295 336 923 55 
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For magnesium, there is an initial decrease in metal concentration in the bio-coal 
produced at up to 170 °C, followed by increased retention of metal in the bio-coal with 
increasing temperature between 200 °C and 250 °C. The metal retention behaviour is also 
observed for calcium, magnesium, iron and zinc, along with phosphorus. For these 
elements there appears almost complete retention within the bio-coal at 250 °C for the 
sodium hydroxide, water, acetic acid and formic acid treatments. The exception to this is 
sulphuric acid, which extracts 50 % of the calcium between 120 °C and 200 °C, with 60 
%, retained at 250 °C. Most phosphorus is also extracted by the sulphuric acid with 87 % 
extracted at 120 °C and 200 °C respectively; over 90 % is extracted at 170°C. 80 % of the 
original phosphorus is extracted at 250 °C, leaving 20 % of the original phosphorus within 
the bio-coal. Similar extraction ratios observed for phosphorus are seen with magnesium 
using sulphuric acid. Aluminium and copper appear to remain within the bio-coal 
irrespective of temperature and pH. 
The additional removal of the metals with the sulphuric acid is due to the high 
dissociation constant of sulphuric acid, which is a strong acid and forms hydronium ions 
in two stages, with the initial loss of a hydrogen (Equation 9.1) and the subsequent 
decomposition of the bi-sulphate (Equation 9.2). 0.1 molar sulphuric acid gives a pH of 
1 but the same pH is possible using the same concentration of other strong mineral acids 
such as hydrochloric acid, or higher concentrations of weaker acids such as acetic acid 
which only partially dissociate, (hence pH 2.88 at the same molar concentration). The 
justification for using acid catalysts in HTC in Ekpo et al. [131], Dai et al. [132] and [371] 
is to principally mobilise the phosphorus into the aqueous phase for subsequent recovery.  
The relatively low extraction of phosphorus in water at 120 °C would suggest 
phosphorus is present as low solubility salts such as calcium and magnesium phosphate. 
The high concentrations of hydronium ions generated by the sulphuric acid are required 
for the acid leaching of the phosphorus, with the mechanism for acid leaching of calcium 
given in Equation 9.3. With sulphuric acid the calcium is converted to calcium sulphate 
(see Equation 9.4) liberating the phosphorus as phosphoric acid [373]. Similar 
phosphorus extraction is possible using hydrochloric acid, albeit when leaching iron ores 
slightly higher efficiency is observed for sulphuric acid [373]. Greater calcium extraction 
maybe possible using hydrochloric acid as calcium chloride is more water soluble than 
calcium sulphate (745 g/l as opposed to 2.6 g/l at STP). This could explain the higher 
retention of calcium in the bio-coal when compared with magnesium, phosphorus, 
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manganese, iron and zinc, as the process water maybe saturated once cooled to room 
temperature. 
H2SO4 + H2O → H3O+ + HSO4- K1 = 2.4 x 106 (Strong Acid) (9.1) 
HSO4- + H2O → H3O+ + SO4- K2 = 1.0 x 10-2 (9.2) 
Ca10(PO4 )6X(s) + 20H+  = 6H3PO4 10Ca2+  H2X (9.3) 
Ca2+ + SO42- = CaSO4 (9.4) 
9.4.3. Influence of pH on fuel combustion chemistry 
Table 9.4 gives the energy content, the volatile content and the results of slagging 
and fouling indices derived from the inorganic chemistry given in Table 9.3. The results 
show that the reaction temperature has the biggest impact on the energy content of the 
fuel, irrespective of the pH. The results show that HTC with sodium hydroxide gives the 
lowest energy density at all temperatures. This indicates that undertaking HTC in the 
presence of acids at decreasing pH increased the HHV of the bio-coal, as demonstrated 
in Ghanim et al. [133]. The highest HHV was observed for bio-coal formed in acetic and 
formic acid due to their higher carbon contents, i.e. increased carbon within the 
hydrothermal reaction, as previously discussed. Despite this, there still appears a trend of 
increasing HHV with decreasing pH. 
The volatile carbon content of the bio-coal is given in Table 9.4. The volatile 
carbon content is important as it is derived by the thermal decomposition of the fuel in 
the pyrolysis stage of combustion. When devolatilising these volatiles prevent oxygen 
getting to the fuel particle, oxidising the carbon, hydrogen, and sulphur present. As 
thermal energy is able to penetrate the particle but the oxygen is not, a solid fuel particle 
undergoes pyrolysis until devolatilised [182]. Moreover the escaping volatiles burn much 
more quickly than the char (the fraction remaining after devolatilisation) and therefore 
understanding the devolatilisation behaviour of a fuel is important in terms of flame 
ignition, flame stability, flammability limits and the formation of pollutants such as 
nitrogen oxides [68]. The volatile content is also useful when determining the equivalent 
coal rank, with coals with higher ranks having lower volatile contents, as discussed in 
Section 2.2. 
The volatile carbon appears to be most strongly influenced by reaction 
temperature, with lower volatile content present with increasing reaction temperature. 
This appears to be due to removal of fibrous material. Figure 9.2 shows the combustion 
profiles of the bio-coals following different treatments. In Figure 9.2 the 120 °C, 170 °C 
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and 200 °C treatments have a distinct volatile burn peak at around 300 °C which is 
normally consistent with the presence of cellulose within a fuel [260]. For the bio-coals 
produced at 250 °C and above this peak is much smaller in the profiles of all fuels. The 
repolymerised ‘humins’ derived from the hemicellulose and cellulose are similar to humic 
acids which are the thermal degradation products of lignin [25]. Consequently, the 
repolymerised material is likely to remain within the fixed carbon portion of the fuel along 
with the lignin. While pig manure is not strictly lignocellulosic in nature it is still likely 
from lignocellulosic origin and contain materials such as wheat straw so these 
assumptions should stand.  
The results presented in Ghanim et al. [133] stated that low pH with sulphuric acid 
brought higher volatile carbon contents in the bio-coal, however this contradicts the 
findings in Chen et al. [134] who used sulphuric acid and bagasse and found the inverse. 
The volatile contents presented in Table 9.4 would initially support the findings of 
Ghanim et al. [133], however the reason the volatile carbon appears to increase is due to 
the decrease in ash content of the fuel, increasing the relative amount of volatile carbon 
present. Due to the variation between ash contents with differing pH the volatile contents 
have been calculated on a dry ash free basis in Table 9.4. This enables direct comparisons 
between the volatile chemistry of the different treatments. The results show little change 
between pH, perhaps even suggesting a small decrease in the volatile matter content of 
the 250 °C treatments with decreasing pH. In the work presented in Chen et al. [134] the 
fuel was considerably lower in ash than the samples used in Ghanim et al. [133], 
consequently there would not be the apparent increase in volatile carbon due to the 
decrease in ash content of the fuel. Thus, the results presented here support the findings 
















HHV (db) Volatile Matter (%) 
Fixed Matter 
(%) AI BAI Rb/a 
Sodium Hydroxide 120°C 14.9 70.9 18.1 0.86 0.14 9.05 
Sodium Hydroxide 170°C 16.7 67.9 16.7 0.54 0.27 8.76 
Sodium Hydroxide 200°C 18.9 62.8 18.8 0.25 0.55 9.91 
Sodium Hydroxide 250°C 21.0 48.3 22.4 0.09 2.55 5.76 
Water 120°C 17.3 76.9 16.9 0.13 0.90 6.63 
Water 170°C 17.6 68.3 18.9 0.09 1.55 8.73 
Water 200°C 19.8 65.7 20.3 0.05 1.92 8.31 
Water 250°C 22.1 54.0 27.0 0.02 6.92 9.32 
Acetic Acid 120°C 16.1 69.9 17.1 0.18 0.73 4.97 
Acetic Acid 170°C 18.1 67.3 17.8 0.04 3.29 6.81 
Acetic Acid 200°C 19.2 63.2 21.0 0.04 2.80 8.52 
Acetic Acid 250°C 23.8 53.4 26.2 0.03 5.19 10.44 
Formic Acid 120°C 16.5 73.5 16.9 0.10 1.39 4.27 
Formic Acid 170°C 19.8 69.3 18.1 0.05 1.90 6.19 
Formic Acid 200°C 19.6 63.4 21.1 0.05 2.12 7.72 
Formic Acid 250°C 23.6 55.4 25.8 0.06 2.72 8.35 
Sulphuric Acid 120°C 17.9 77.7 16.4 0.11 0.36 2.66 
Sulphuric Acid 170°C 19.8 74.3 14.8 0.10 0.44 3.67 
Sulphuric Acid 200°C 20.6 66.7 20.9 0.09 0.58 3.91 
Sulphuric Acid 250°C 23.2 56.3 28.7 0.02 3.28 6.41 
 
Figure 9.2 shows the DTG combustion profiles of the bio-coals following 
different treatments.  For the 120 °C treatment in the presence of acids the first initiation 
temperature is lower, with weight loss starting at 160 °C for bio-coal from the three acid 
treatments but 200 °C for bio-coal from the water and alkali treatment.  The water, acetic 
acid and formic acid treatments yield bio-coals which display an initial peak at 300 °C 
which can be consistent with the presence of the structural component hemicellulose, 
followed by a larger second peak at 325 °C which is typically associated with cellulose 
in lignocellulosic biomass [260]. This peak is the devolatilisation or volatile burn of the 
fuel and this temperature would be regarded as the second initiation temperature 
following the Babcock and Wilcox TGA method [374]. Given the Babcock and Wilcox 
TGA method is designed for coal and applied to biomass, normally for coal combustion 
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the fuel burn is predominantly associated with the char combustion (third initiation 
temperature), with coal giving a burning profile similar to the 250 °C bio-coals in Figure 
9.2 [260].   
For the sample produced in sulphuric acid at 120 °C there does not appear to be a 
distinct peak where the ‘hemicellulose like’ material decomposes but the presence of a 
shoulder at 300 °C. The higher mass loss between 160 °C and 300 °C when compared to 
the other samples may suggest that the ‘hemicellulose like’ component is still present but 
partially hydrolysed resulting in it thermally decomposing earlier. The sodium hydroxide 
treatment has only one distinct volatile peak, peaking about 300 °C. This result is most 
likely a consequence of the strong basic conditions degrading the ‘hemicellulose like’ 
material observed with the strong acid conditions but could also be the high sodium and 
potassium contents of the fuel (see Table 9.3) catalysing the volatile burn [208].  Both the 
sodium hydroxide and sulphuric acid treatments yield products which have higher char 
burn temperatures, with temperatures of 500 °C as opposed to 450 °C for the other 




Figure 9.2: Derivative thermogravimetric (DTG) burning profiles for a) 120 °C, b) 170 
°C, c) 200 °C and d) 250 °C treatments 
 
As the process severity increases the profiles for the bio-coals generated at 170 
°C, 200 °C and 250 °C retain the first initiation temperature of 160 °C and a new initial 
peak begins to arise at 235 °C for experiments in water and acids; this initially starts on 
the profile for the bio-coal generated at 170 °C but becomes increasingly pronounced into 
the 250 °C profile. This does not appear in the bio-coals produced in sodium hydroxide, 
which have a different combustion profile. This peak was also observed in bio-coals 
studied in Chapter 7 and Py-GCMS analysis identified the presence of a series of phenolic 
compounds with a host of methoxybenzoaldehydes. In Chapter 7 it was hypothesised that 
this peak was HTC-derived aromatic structures which are chemisorbed through reactive 
oxygen functionalities, yet to form the stable ether or pyrone bonds within the char 
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formation [85]. Their absence in alkaline conditions would suggest that this mechanism 
is acid catalysed or inhibited by alkaline conditions.  
For all the bio-coals generated at 170 °C and 200 °C the combustion profiles 
contain a volatile peak which becomes increasingly dominant at 325 °C. This is most 
noticeable for 170 °C bio-coal as by treatment at 200 °C the volatile content within the 
fuel has decreased (see Table 9.4). By the 250 °C treatments the samples adopt a ‘coal-
like’ overlapping combustion profile [260], whereby the transition between the volatile 
release and initiation of char burn (second initiation temperature) is marked more by a 
‘shoulder’ as opposed to a distinct peak. This shoulder becomes less distinct with bio-
coals formed at lower pH and correlates with a modest reduction in volatile matter. The 
benefits of this in terms of combustion are discussed in detail in 5.3.3.2.  
For all the bio-coals with increasing reaction severity, lower pH increases char 
burnout temperature. This is particularly notable for those prepared at 250 °C as the peak 
temperature (char burn) increases from 400 °C for those produced in sodium hydroxide 
(pH 13) to 500 °C for those formed in sulphuric acid (pH 1). This result would suggest 
pH influences reactivity of the char. There is strong consensus in the literature that the 
alkali metals, potassium and sodium, catalyse char reactivity [160, 207-209], albeit the 
concentrations of alkali metals appears similar for the 250 °C bio-coals (see Table 9.3). 
The alkaline earth metals, calcium and magnesium, are understood to catalyse char 
reactivity but to a lesser extent than the alkali metals [209-211], with iron known to 
behave using similar mechanisms [212]. Given pH appears to more strongly influence 
alkaline earth metal content; with higher calcium and magnesium contents, along with 
iron, associated with higher pH (see Table 9.3), it is possible that the higher 
concentrations at higher pH is catalysing the thermal decomposition.  
An ash fusion test was undertaken and Figure 9.3 displays the ash transition 
temperatures for the ashes of bio-coal from the four different temperatures and five 
different pH. Table 9.5 gives the transition temperatures for all samples along with the 
unprocessed sample and their standard errors. The results suggest that the unprocessed 
swine manure has a reasonably high deformation temperature, of 1320 °C, compared to 
between 980 °C and 1140 °C for the conventionally harvested Miscanthus [213, 260]. 
Despite this result, the slagging and fouling indices suggest almost certain slagging and 
fouling for these samples. The results of the ash fusion test certainly would suggest a low 
slagging fuel, possibly due to the high calcium and phosphorus content of the fuel. This 
would strongly suggest that calcium potassium phosphate complexes and calcium sodium 
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phosphate complexes are removing the potassium and sodium available to form low 
temperature melting potassium and sodium silicates [200, 202].  
The results of the bio-coal formed in the 120 °C treatment with water would 
suggest that around 90 % of the sodium and potassium in the fuel is in the form of free 
ionic salts. Potassium and sodium when in the form of free ionic salts are more readily 
released into the vapour phase and likely to bring about issues with fouling [39, 205, 267]. 
The high calcium and phosphorus content of the fuel may however prevent this release, 
instead forming the stable calcium potassium phosphate complexes and calcium sodium 
phosphate complexes [234]. The slagging and fouling indices used in this paper would 
not consider such mechanisms when predicting the fuels propensity to slag and foul. 
The deformation and hemisphere temperatures appear to change little, indicating 
limited change to slagging propensity. The exception to this being the sample produced 
at low temperature in sodium hydroxide and at 250 °C in sulphuric acid. The 120 °C, 170 
°C and 200 °C sodium hydroxide samples showing increased deformation and 
hemisphere temperatures despite being the only hydrothermal samples where the alkali 
index (given in Table 9.5) suggests almost certain slagging and fouling. Given the sodium 
and potassium content is reduced compared to the starting feedstock, this reduction may 
explain the increase.  
The bio-coal produced at 250 °C in sulphuric acid has the greatest improvement 
in ash behaviour with the sample not undergoing deformation within the test conditions 
(test limit 1570 °C). This is predominantly due to the ash becoming a highly stable 
magnesium calcium phosphate silicate complex. It should be noted that the samples 
generated in sulphuric acid have acquired sulphur from the acid, which makes up 3.4 % 
(db) of the fuel.  
When combusting fuel in pulverised applications fuel sulphur can be desirable as 
while sulphur emissions are largely in the form of sulphur dioxide some sulphur trioxide 
is also formed. Sulphur trioxide plays an important role in the abatement of particulate 
emissions, by forming sulphuric acid in the flue gas which absorbs onto particulates in 
the flue gas [226]. This effects the surface electrical conductivity of the particulate, 
greatly increasing the efficiency of the electrostatic pacificators [224]. Biomass being 
typically low in sulphur can give a very low collection efficiency of electrostatic 
precipitators [225]. Consequently, when a fuel with high sulphur content is combusted, 
there is generally enough sulphur trioxide formed to bring the electrical resistivity of the 
fly ash into a range which results in good precipitator operation [225]. This could be 
particularly advantageous for the 250 °C treated sulphuric acid sample given Potential to 
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Emit (PTE) metals (strontium, copper and zinc) are present within the swine manure and 
the derived hydrothermal fuels. Precipitation of these in the fly ash would be required to 
avoid issues with emissions. The sulphur content of the 250 °C treated sulphuric acid 
sample is however high so blending with low sulphur biofuels or coal would bring within 
‘design fuel’ specification. Moreover, the magnesium calcium phosphate silicate ash of 
the fuel would have an additive influence and could improve the slagging and fouling 
propensity of the blended biomass and coal. Consequently, with blending, the 250 °C 
treated sulphuric acid fuel could be safely combusted within the pulverised fuel plant, 
albeit care would be required due to the high ash, sulphur and nitrogen content. 
Table 9.5: Ash transition temperatures from the ash fusion test 
Sample Name 
Ash Transition Temperature (°C) 
Shrinkage Deformation Hemisphere Flow 
Unprocessed 1260 ±0 1320 ±0 1380 ±0 1500 ±0 
Sodium Hydroxide 120°C 1140 ±0 1510 ±0 1560 ±10 >1570  
Sodium Hydroxide 170°C 1330 ±0 1460 ±20 1500 ±10 >1570  
Sodium Hydroxide 200°C 1040 ±0 1380 ±10 1420 ±0 1530 ±0 
Sodium Hydroxide 250°C 1100 ±0 1290 ±0 1300 ±0 1360 ±0 
Water 120°C 1070 ±0 1440 ±0 1480 ±0 1520 ±0 
Water 170°C 1120 ±0 1340 ±0 1360 ±0 1490 ±0 
Water 200°C 1000 ±0 1340 ±0 1370 ±0 1430 ±0 
Water 250°C 1040 ±0 1300 ±0 1350 ±0 1410 ±0 
Acetic Acid 120°C 1100 ±0 1290 ±0 1330 ±0 1370 ±0 
Acetic Acid 170°C 1100 ±0 1340 ±0 1370 ±0 1410 ±0 
Acetic Acid 200°C 1160 ±0 1310 ±0 1370 ±0 1410 ±0 
Acetic Acid 250°C 1000 ±0 1310 ±0 1370 ±0 1420 ±0 
Formic Acid 120°C 970 ±0 1320 ±0 1360 ±0 1400 ±0 
Formic Acid 170°C 1080 ±0 1350 ±0 1380 ±0 1420 ±0 
Formic Acid 200°C 1040 ±0 1370 ±0 1400 ±0 1440 ±0 
Formic Acid 250°C 1270 ±0 1320 ±0 1360 ±0 1410 ±0 
Sulphuric Acid 120°C 960 ±0 1400 ±80 1460 ±60 1520 ±20 
Sulphuric Acid 170°C 990 ±0 1290 ±0 1545 ±5 1560 ±0 
Sulphuric Acid 200°C 880 ±0 1340 ±0 1350 ±0 1390 ±0 





Figure 9.3: Ash transition temperatures from the ash fusion test 
9.5. Conclusions 
Control of pH during HTC most strongly influences ash chemistry of the resulting 
bio-coal, with decreasing pH increasing removal of ash. This reduction in ash has the 
biggest influence on the volatile carbon and energy content of the fuel; lower ash 
contents bring about higher energy densities when calculated on a dry basis. pH also 
influences dehydration, and the extent of dehydration increased with decreasing pH 
although when increasing the temperature the influence pH has on dehydration becomes 
less. pH and temperature appear to influence yield, with lower pH increasing yields for 
HTC above 250 °C but decreases yields below 200 °C. It is speculated that the lower 
yields below 200 °C are the result of the acids catalysing hydrolysis of ‘cellulose like’ 
fibres within the swine manure. The higher yields at 250 °C appear to be due to the low 
pH catalysing polymerisation due to its influence on the electrokinetic potential on the 
hydrothermal suspension.  
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HTC in water at 120 °C extracts free metal ions and results suggest that around 
90 % of the sodium and potassium are in free ionic forms within the pig manure, along 
with 40 % of the magnesium and 25 % of the phosphorus. This free ionic sodium and 
potassium are more readily released into the vapour phase during combustion and likely 
to bring about issues with fouling; slagging and fouling indices suggest it cannot be safely 
combusted without treatment. The ash fusion test does however show reasonably high 
deformation temperature and would suggest low slagging and fouling. This seaming 
paradox is brought about through the high calcium and phosphorus content of the fuel 
which forms stable calcium potassium/sodium phosphate complexes. Hydrothermally 
treating the fuels achieves almost complete removal of sodium and potassium and should 
overcome their associated issues with fouling. Increasing reaction temperature appears to 
immobilise calcium, magnesium, iron, zinc and phosphorus within the bio-coal unless 
treated at low pH, which enables mobilisation of the phosphorus and alkaline earth metals.  
Treatment at 250 °C results in a more coal-like fuel, with fuel properties similar 
to that of lignite coal and a HHV of between 21 and 23 MJ/kg depending on pH. The 
removal of the alkaline earth metal’s and iron at pH 1 reduces the reactivity of the 
resultant bio-coal. Despite the mobilisation of calcium and phosphorus, using strong acid 
sufficient calcium and phosphorus is retained within the ash to give very favourable ash 




10. Conclusions and further work 
This research has set out to understand the role and fate of inorganics and 
heteroatoms during HTC of biomass. The objectives were: (i) to identify the behaviour 
of inorganics and heteroatoms in a range of biomass resources and their implications in 
combustion; (ii) understand how reaction parameters influence a fuel’s inorganic and 
heteroatom chemistry; (iii) develop an understanding of the mechanisms behind the 
extraction of key metals and heteroatoms during the HTC of lignocellulosic biomass; and 
(iv) understand the potential catalytic mechanisms and roles inorganics and heteroatoms 
have during HTC. The specific chemistry for the main inorganics and heteroatoms found 
in biomass are summarised in the following sections but the findings have also led to a 
greater understanding of the fuel’s handling and combustion chemistry, along with the 
underlying chemistry of the process itself. These findings are summarised below.  
HTC, under the correct conditions, can lead to a significant improvement in fuel 
quality, with energy density improving from 10-18 MJ/kg to typically 25-30 MJ/kg on a 
dry basis, depending on feedstock. For uncatalysed HTC, the properties of this bio-coal 
is comparable to that of a low rank coal for Miscanthus, brown kelp and willow. In most 
of this work, two operating temperatures were typically used; 200 °C and 250 °C, with 
an hour retention time at the respective temperature. HTC at 200 °C improves the 
grindability of the biomass but results in limited energy densification in Miscanthus. HTC 
at 250 °C results in increased energy densification, producing a bio-coal with a HHV 
ranging from 25 to 30 MJ/kg depending on the feedstock. HTC can also increase the HGI 
of the fuel from 0 to in excess of 150 at 250 °C for Miscanthus and willow. This would 
represent a huge reduction in the energy requirements for milling if the fuel is used in 
pulverised fuel applications. At higher HTC temperatures, the combustion profile of the 
bio-coal exhibits a ‘coal-like’ overlapping volatile and char combustion profile and this, 
combined with the fact that the bio-coal grinds like coal, will overcome some of the 
limitations of burning biomass in pulverised coal plant.  
Increasing retention times brings about dehydration of the fuel; however, 
temperature appeared the more important variable, as after 24 hours at 200 °C the fuel 
had similar properties to that of the 250 °C bio-coal with no retention time when 
processing Miscanthus. After one hour, cellulose appears to be largely removed from the 
250 °C Miscanthus bio-coals. This dehydration, repolymerisation and cellulose removal 
brings about a ‘coal-like’ combustion profile, bio-coals with decreasing reactivity are 
formed with increasing retention time. Recycling process waters brings about an increase 
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in product mass yield at both treatment temperatures when processing Miscanthus. For 
200 °C treatments the yields increase from 65% and stabilise at between 71 % and 73 % 
after four cycles. For the 250 °C treatments, increased product mass yield is seen from 46 
% to over 57 %. A modest increase in energy density was seen for the for the 200 °C 
treatments from 19 MJ/kg to 20 MJ/kg, with corresponding energy yields increases from 
68% to 77 % after four cycles. For the 250 °C treatments energy density increased from 
24 MJ/kg to 29 MJ/kg on the ninth cycle. This increases the overall energy yield from 
61% to 91 %. Under these conditions, the bio-coal falls under the classification of a high 
volatile sub-bituminous coal. 
By recycling the process waters, the recycled organic acids hydrolyse the 
hemicellulose and cellulose to saccharides and furfural-like compounds at a lower 
temperature. This further increases saccharide and furfural-like concentrations within the 
process water, as the low temperatures do not further degrade them to organic acids. This 
will favour aromatization and repolymerisation, and better enables the decomposition 
products to undergo polymerization, before they undergo further degradation to organic 
acids. It is proposed that the slow heating rate and hour long retention time can overcome 
kinetic limitations imposed by faster heating rates and shorter retention times. pH also 
influences dehydration in the swine manure samples and these findings are likely 
applicable to lignocellulosics, with a fuel’s dehydration increased with decreasing pH 
although with increasing temperature, the influence of pH on dehydration becomes less. 
pH and temperature appear to influence yield, with lower pH increasing yields for 
treatment above 250 °C but decreases yields for treatment below 200 °C. The lower yields 
below 200 °C is due to the acids catalysing hydrolysis of cellulose; the higher yields at 
250 °C are due to the low pH catalysing polymerisation due to its influence on the 
electrokinetic potential of the hydrothermal suspension. 
Given HTC improves grindability it would be best to use the largest possible 
feedstock size to avoid energy intensive size reduction. Bio-coals are however known to 
develop an outer oily film and it has been suggested in the literature that the formation of 
this layer may limit the intimate contact between the biomass and process water. This 
would prevent larger particles being used. Results presented in this work showed that for 
4.0 cm diameter willow cylinders there was still complete conversion of the cellulose, 
with limited change in hydrothermal chemistry. Increasing particle size also appears to 
improve energy density of the resulting fuel for willow cylinders up to 2.5-3.0 cm 
diameter. A reduction in volatile carbon with increasing size suggests that size reduces 
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the diffusion of preliminary products into the bulk water which enhances hydrolysis and 
polymerisation within the particle. This significantly improves the grindability behaviour 
of the fuel. Metal analysis suggests that there is free movement of water though the 
particle at 4.0 cm in diameter and metal extraction is not limited though the formation of 
a low water permeable hydrolysis layer.  
Based on the results, HTC has been shown to valorise low value fuels such as 
green harvested Miscanthus and seaweeds. This demonstrates the technology’s potential 
to produce a direct substitute bio-coal from an expanded range of terrestrial and aquatic 
biomass.  
10.1. Fate and influence of oxygen during HTC 
Oxygen has an adverse impact on energy content, reducing HHV, as demonstrated 
by Dulongs Equation (see Equation 2.1), and it is also associated with many of the 
handling issues associated with biomass, as discussed in Section 2.5.2.4. Oxygen none 
the less plays a critical role in the reactions involved in HTC. The energy densification of 
the bio-coal is because of changes to the ratio of carbon and oxygen (O/C) in the fuel, 
with the carbon content increasing, while the oxygen content decreases. In many respects, 
HTC can be thought of as simply a deoxygenation process.  
The main mechanisms involve removal of hydroxyl groups through dehydration, 
removal of carboxyl and carbonyl groups though decarboxylation, and cleavage of many 
ester and ether bonds through hydrolysis under the modified aqueous conditions. This 
process reduces the oxygen and hydrogen content (described by the molecular O/C and 
H/C ratio), destroys the colloidal structures and reduces the hydrophilic functional 
groups, giving the bio-coal its enhanced properties such as its change in polarity making 
the fuel less hydrophilic. Hydrolysed fragments are highly reactive and recombine 
quickly and dehydration and decarboxylation reactions, which have removed carboxyl 
and hydroxyl groups, leave unsaturated compounds, which can polymerise easily. The 
polymerization, condensation and aromatisation reactions are brought about by 
intermolecular dehydration (two –OH groups react to leave a –O- bond removing water) 
or by aldol condensation.  
Oxygen plays a critical role in repolymerisation, with aromatic structures initially 
chemisorbed though reactive oxygen functionalities (hydroxyl, carboxyl, carboxylic etc.) 
which are present on the bio-coal surface. Once chemisorbed these functionalities 
dehydrate to form stable oxygen groups, which are ether or pyrone, within the char 
formation. Reactive oxygen functionalities will remain on the surface and provide binding 
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sites for more aromatic structures. The similar structures seen for high volatile bituminous 
coal, where oxygen often forms the stable bridges between cyclic aromatic carbon rings 
(Figure 2.3), are also seen for bio-coal (Figure 2.8). This would imply similar 
chemisorption and dehydration mechanisms underlie coal formation.  
Increasing both temperature and retention time during HTC reduces fuel oxygen 
with the results suggesting that increasing reaction severity (or severity factor) results in 
dehydration of the fuel (see Equation 2.2). The results presented for Miscanthus in 
Chapter 6 suggest that with increasing temperature and retention time in HTC, 
dehydration is the predominant mechanism for oxygen and hydrogen removal. It has been 
shown throughout this work that alkali metals may influence H/C ratios in a range of 
feedstock, but alkali metals do not appear to influence deoxygenation (dehydration) and 
deoxygenation is predominantly determined by reaction severity. The exception may be 
with regard to their Lewis acidity, as pH appears to influence dehydration at lower 
temperatures, as shown in Chapter 9. With increasing temperature in HTC, bio-coals 
become similar in terms of atomic ratios, irrespective of pH.  
With regard to the treatment of swine manures in Chapter 9, yields were seen to 
increase with lower pH despite no further deoxygenation at this temperature. This could 
be due to the influence of oxygenated functional groups on the particles electro kinetic 
potential. Bio-coals have a negative electro kinetic potential; as the oxygenated groups 
on the char surface are acidic, they behave like weak acids. Addition of acids to the 
process waters neutralises this negative charge and increases flocculation. While pH 
appears to have reduced influence on dehydration at higher temperatures, the exception 
is the application of organic acids, which enhances dehydration. Similarly, when 
recycling process waters (see Chapter 7), there is a further increase in fuel dehydration 
despite unchanging reaction severity. In this instance, it is believed that the organic acids 
within the process waters, increase dehydration by catalysing the hydrolysis of 
hemicellulose and cellulose at a lower temperature. The increase in organic carbon due 
to the presence of the organic acid must influence the subsequent polymerisation and 
repolymerisation reactions, hence the enhanced dehydration when processing with 
organic acids. Results presented in Chapter 8 on HTC of willow cylinders suggest that 
increasing particle size also increases deoxygenation, most likely due to diffusion 
limitations which prevent organic acids generated within the particle defusing into the 
process water. This results in localised increases in organic acid concentrations, which 
catalyse the reaction in a similar manner to that seen for recycling process waters.  
307 
 
From a combustion perspective, oxygen is primarily associated negatively with 
fuel energy density but the binding of cations to surface oxygen functional groups could 
also have a significant influence on a fuel’s propensity to slag and foul. While the 
significance of individual metals is discussed in detail in the subsequent sections, the 
surface oxygen functional groups can bind to cations such as sodium, potassium, 
magnesium, calcium which is certainly an underlying mechanism for the retention and 
removal of metals that go on to influence the ash slagging propensity. It is these same 
oxygen functional groups, which, on combustion, devolatilise, transport their associated 
cations, and assist the volatilisation of both volatile and non-volatile metals. It has been 
proposed that HTC reduces the fouling risk due to a combination of decreased oxygen 
and volatile matter content of the bio-coal. While the reduction in oxygen and volatile 
carbon is true, the assumption that this then reduces the fouling propensity of the bio-coal 
may not be correct. This is because this mechanism does not take into account the re-
uptake of metals from the process water onto the surface of the bio-coal. Given the bio-
coals are essentially stewed in the metal rich process water, metal saturation of these 
functional groups may be greater than would otherwise be expected from biomass. 
Consequently, the bio-coal could lead to a greater fouling propensity than would 
otherwise be expected, due to an increase in the proportion of cations associated with 
oxygen functional groups. The significance of this requires further investigation. 
10.2. Fate and influence of nitrogen during HTC 
Issues associated with nitrogen within a fuel revolve around issues with nitrogen 
oxide emissions during combustion. Given in most combustion applications the fuel is 
burnt in air, these nitrogen emissions can also be generated from nitrogen within the air, 
with the latter referred to as thermal nitrogen oxides. Thermal nitrogen is usually 
controlled though fuel staging effects using low-nitrogen oxide burners. In this process, 
initial combustion occurs in a zone where the air to fuel ratio is above stoichiometry (fuel 
rich), consuming additional oxygen and reducing nitrogen oxides back to gaseous 
nitrogen. In addition, nitrogen can also influence the polarity of the fuel and thus its 
hydrophilic behaviour,  
In HTC, nitrogen appears to be largely formed from the protein fraction of the 
feedstock. Malliard chemistry plays an important role in the behaviour of these proteins 
within HTC and is likely the main route for nitrogen incorporation within the bio-coal. 
Analysis of process waters of brown kelps presented in Chapter 5 has revealed a 
significant portion of the nitrogen is transferred to the process water, albeit nitrogen 
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within the bio-coal was slightly higher than the starting feedstock. It does appear that a 
lot of the nitrogen extracted remains as organic compounds such as nitrogen heterocycles, 
pyrroles and indoles, with ionic nitrogen (nitrate, nitrite, ammonia) being only a relatively 
small portion of the nitrogen extracted.  
Authors have suggested that increasing retention time under HTC conditions at 
between 180 °C and 250 °C reduced nitrogen content of the bio-coal, albeit this trend was 
not observed for Miscanthus in chapter 6. Data presented in Chapter 9 for swine manure 
showed that extraction of nitrogen is not strongly influenced by pH but higher treatment 
temperatures did result an increase in fuel nitrogen (2.7 wt % at 120 °C to 3.6 wt % at 
250 °C when treated in water). Recycling process waters brought about a slight increase 
in fuel nitrogen as the higher concentrations of glucose and amines within the process 
water should promote Malliard reactions. In the case of the bio-coals derived from 
Miscanthus while recycling process waters fuel nitrogen is still below 1 % so is still 
relatively low. Extrapolation of the swine manure results to lignocellulosic material is 
challenging, as swine manure is likely to contain a higher protein fraction. While overall 
fuel nitrogen appears largely unchanged during HTC of lignocellulosics, the early ignition 
of the bio-coals could be beneficial for nitrogen oxide emissions, as it will consume 
additional oxygen, increasing the fuel staging effects of low-NOx burners. 
10.3. Fate and influence of sulphur during HTC 
Sulphur dioxide within the flue gas plays an important role in corrosion and active 
oxidation of fouling deposits on heat exchangers, hence is often a heteroatom of interest. 
Fuel sulphur content does also play an important role in reducing suspended particle 
matter from thermal power stations, as it improves the efficiency of electrostatic 
precipitators (ESP) in large power station, reducing particulate emissions. Consequently, 
sulphur is typically required when operating a furnace with ESP and many modern power 
plants use flue gas desulphurisation (FDG), a set of technologies used to remove sulphur 
oxides from exhaust flue gases, post ESP to abate air quality issues.  
Like oxygen, sulphur is present within coal linking some of the cyclic aromatic 
carbon rings, in the form of sulphide, disulphide or mercaptan in both aliphatic and 
aromatic structures in coal. Sulphur is known to be incorporated into bio-coals during 
HTC via Malliard reactions, albeit not through the classical Malliard reaction cascade. 
All results have shown reductions in the amount of sulphur compared to the 
original biomass when processed by HTC. For seaweeds the reduction is greatest, going 
from 1 wt % (db) fuel sulphur to 0.1 wt % (db) fuel sulphur. All remaining samples were 
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already low in sulphur containing typically 0.1 wt % (db) with limited change in 
concentration through treatment. For Miscanthus, sulphur is initially extracted into the 
process water at low temperatures (200 °C), with greater reincorporation into the bio-coal 
as retention time is increased, albeit using a feedstock with a low sulphur content (see 
Table 6.3). These reactions may however be temperature dependent, as the highest 
sulphur reincorporation occurs at HTC 250 with no retention time, followed by a 
reduction in sulphur with increasing retention time (see Table 6.3). Sulphur content does 
increase slightly within the bio-coal when recycling process waters but it is unclear 
whether this is increased sulphur incorporation into the bio-coal or simply an increase in 
concentration of sulphur in the process water, remaining within the voids of the bio-coal 
(pore water). 
Sulphuric acid is a common acid used when investigating acid catalysed HTC, 
with sulphuric acid appearing to promote more decarboxylation when compared to 
normalised concentrations of hydrochloric acid. Due to the importance of sulphur in ESP 
operation, utilisation of sulphuric acid catalysed HTC could be appropriate for use in 
combustion systems, if the bio-coal is blended/co-fired with low sulphur fuel. 
10.4. Fate and influence of chlorine during HTC 
Chlorine is very corrosive to stainless steel and present as an essential 
micronutrient in biomass, so removal would be highly desirable. Most issues are 
associated with fouling and the interaction between alkali chloride deposits and sulphur 
in the flue gas. Chlorine is no less desirable in the ash as chlorine can also react with 
silicates and the alkali metals to form an undesirably stable and corrosive slag. Chlorine 
is a particular problem when combusting Miscanthus, grass and straw which contain 
higher amounts of chlorine than wood.  
Chlorine exists within biomass in the form of water soluble ionic salts (NaCl, KCl, 
CaCl2, MgCl2 and ionic chloride (Cl-)) Biomass washing experiments have shown that 
between 85 % and 100 % of total chlorine within the biomass is extracted though washing, 
primarily though the removal of these salts. Chlorine is seldom analysed in HTC, with 
the assumption commonly made that given chlorine exists within biomass in the form of 
water soluble ionic salts, chlorine within the biomass is extracted. The brown kelp results, 
presented in chapter 5 support this hypothesis, with typically around 99 % extracted and 
slightly higher extraction associated with the increased reaction severity. Work on 
Miscanthus, also presented in chapter 5, showed chlorine reduces but the reductions in 
310 
 
chlorine are less than the reduction seen in comparable washing experiments. The results 
suggest there maybe other underlying chlorine retention mechanisms during HTC. 
Work on the influence of retention time showed the reduction in chlorine is in 
steady decline with increasing retention time (50 % removal for both HTC 200+0h and 
HTC 250+0h, increasing to 80 % removal for HTC 250+24h). Meanwhile sodium, 
potassium, and magnesium, are predominantly removed in the initial heating for the 
biomass, with the majority removed (87, 75 and 60% respectively) by the 200 °C 
treatment with no retention time. Given calcium only undergoes limited removal (23 % 
removal for HTC 200+0h) and increases its relative concentration within the biomass (see 
Table 6.3), it is possible that the chloride is retaining an association with the calcium 
retained within the bio-coal. It is also possible that chlorine is being retained through 
formation of weak chloride-hydrogen interactions with the hydrogens on the char. When 
recycling the process waters there is significant accumulation of alkali metals and 
chloride within the process water and this does result in fuel chlorine increasing from 
approximately 1750 mg/kg to 3200 mg/kg by cycle nine for both 200 °C and 250 °C 
treatments. This is still below the 3600 mg/kg in the starting biomass and energy density 
has increased from 18 MJ/kg to 29 MJ/kg so still represents a substantial reduction in fuel 
chlorine on a MJ basis.  
In the HTC method used there was no additional washing of the bio-coals; the 
bio-coal was filtered from the process water and allowed to dry prior analysis. It is likely 
that residual metal and chloride containing process water is left with the char. 
Incorporation of an additional washing procedure post carbonisation could further 
enhance removal of chlorine. Further work is required on this. 
While chlorine extraction maybe less than reported in washing experiments, 
changes to the inorganic chemistry (as discussed in the following sections), could give an 
ash chemistry which works using similar chemical absorption chemistry used by 
commercial additives to mitigate the impacts of chlorine. This would suggest that 
mitigation of the fouling and corrosion issues associated with chlorine may be achieved 
by HTC by several different mechanisms, over and above simple extraction. 
10.5. Fate and influence of phosphorus during HTC 
Unlike the heteroatoms nitrogen and sulphur, phosphorous does not appear to be 
incorporated via Malliard cascades. Its retention and incorporation into the bio-coal 
appears to be more associated with the inorganic chemistry. While the alkali metals are 
largely extracted during HTC, magnesium, calcium and phosphorus undergo more limited 
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metal removal. This has a significant influence on the slagging and fouling propensity of 
the fuel as this forms calcium potassium phosphate complexes that are thermally stable 
and prevents the formation of low melting temperature potassium silicates or the 
volatilisation of potassium chloride.  Consequently, in addition to alkali metal extraction, 
the retention of the calcium and phosphorus means that this calcium and phosphorous 
behave in a similar way to calcium and phosphorus additives in further abating and ash 
related issues associated with residual alkali metal. 
When undertaking experiments at different retention times using Miscanthus 
feedstock, phosphorus undergoes substantial extraction in samples treated at 200 °C with 
no retention time (72 % removal for HTC 200+0h). The phosphorous then appears to be 
reincorporated as retention time is increased (only 45 % removal for HTC 200+24h). 
Under the same regime, calcium only undergoes limited removal (23 % removal for HTC 
200+0h) and increases its relative concentration within the biomass (see Table 6.3), with 
this calcium potentially associated with chlorine, before exchanging with the phosphorus 
present in the process water. At 250 °C, phosphorus extraction decreases with increasing 
retention time (47 % removal for HTC 250+0h, decreasing to 33 % removal for HTC 
250+24h). There is not the initial decrease, as seen in the 200 °C treatments, which would 
imply that phosphorus released on heating is reincorporated quickly into the bio-coal. The 
results seen throughout this study suggest that in HTC bio-coals, phosphorus appears to 
be associated with calcium, in much the same way, as sulphur is associated with iron in 
coal. 
While phosphorus retention within the fuel offers advantages in terms of slagging 
and fouling during combustion, there is a lot of interest in using HTC as a technique for 
reclaiming phosphorus from manures while simultaneously making a fuel for energetic 
purposes. Investigations into swine manures suggested phosphorus is present as low 
solubility salts such as calcium and magnesium phosphates. When processing at different 
temperatures there is an initial reduction in phosphorus concentration in the bio-coal 
produced at up to 170 °C, followed by increased retention of phosphorus with increasing 
temperature between 200 °C and 250 °C. The exception being when sulphuric acid is 
added as this appears to dissolve low solubility calcium and magnesium phosphate.  
In conclusion, calcium and magnesium phosphate present within the feedstock 
appears to remain within the bio-coal during HTC, with additional calcium phosphate 
likely generated under the hydrothermal conditions. Processing biomass with higher 
phosphorus concentrations also appears to be beneficial in terms of slagging and fouling. 
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Willow samples processed with bark or Miscanthus processed with leaves (early 
harvested) have better ash fusion test performance than samples processed without. 
10.6. Fate and influence of potassium during HTC 
The temperature at which the ash melts and fuses is strongly influenced by the 
potassium, which act as a flux, lowering the melting temperature of alumina-silicate ash. 
It is this low ash melting temperature, which brings on the phenomena of slagging. 
Potassium is also the main element responsible for fouling during biomass combustion as 
the potassium is generally in a form that is available for release by devolatilisation and 
consequently potassium is readily volatilised as potassium chloride in a flame. 
Of the main inorganics investigated, potassium has shown the greatest overall 
reduction and in all runs bio-coals have a lower potassium content than the starting 
material. When processing at 200 °C using Miscanthus, 75 % of the potassium is removed 
without retention at this temperature, but further removal is possible with increasing 
retention times, with 86 % removed when processed over 24 hours. This trend continues 
at 250 °C, but at this temperature increasing retention time does not significantly increase 
potassium extraction. This extraction can bring about significant improvements in the 
fuel’s slagging propensity as demonstrated by the ash fusion test. This is particularly 
prevalent when processing at 250 °C as retention of calcium and reincorporation of 
phosphorus results in the formation of calcium potassium phosphate complexes that are 
thermally stable and prevent the formation of low melting temperature potassium silicates 
or the volatilisation of potassium chloride. To the best of the author’s knowledge, this has 
not been previously reported. 
Work on HTC of willow cylinders, presented in Chapter 8, indicates that surface 
functionality does appear to have some influence on potassium retention. The outer 
surface of the chars are seen to have the highest concentrations of potassium once treated. 
This could have a significant influence on a fuel’s propensity to foul as on combustion 
these functional groups devolatilise, volatilising the associated potassium. Consequently, 
the bio-coal could lead to a greater fouling propensity than would otherwise be expected 
and the significance of this requires further investigation. 
It is believed that a lot of the residual potassium seen in the bio-coals is likely 
residual process water left over in the pore space. The improvements seen with increasing 
retention time at 200 °C, is likely because the dewatering properties of the bio-coal are 
improved with increasing reaction severity, along with reduced surface functionality. In 
this HTC method, there was no additional washing of the bio-coals, with the bio-coal 
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filtered from the process water and allowed to dry prior analysis. Mechanical dewatering 
using a screw press and even incorporation of a second water washing step (potentially 
important if recycling process waters), is likely to further remove this residual process 
water left with the char micro and macro pores, which on separation currently dries and 
deposit metal salts in the bio-coal. A better understanding of the partitioning of potassium 
would however be of benefit as it is also possible that residual potassium has formed 
carbonates or has reacted with other inorganic elements present in the fuel to form 
minerals such as K2CaSiO4 and KAlSi3O8 during the HTC reaction.  
Potassium does not appear to play a role in bio-coal formation and coal 
experiments validate this. Solubilisation and metal precipitation experiments of low rank 
coals have suggested potassium plays no role in the cleating of aromatic structures. 
However, there is no experimental evidence either way for HTC. There is however 
evidence that potassium may increase the bio-coal’s H/C ratio. This is potentially due to 
the potassium catalysing hydrogen donation from organics within the process water.  
10.7. Fate and influence of sodium during HTC 
The behaviour of sodium is very similar to that of potassium in terms of its 
influence on slagging and fouling and its behaviour in HTC. Consequently, throughout 
the text sodium and potassium are collectively referred to as the alkali metals. Within the 
literature sodium chloride addition has been investigated. It has been found that sodium 
chloride addition increases the dissolution of cellulose. There is also some evidence that 
sodium chloride addition can reduce the oxygen content of the fuel. In the results of this 
work alkali metals do not appear to influence deoxygenation (dehydration) with 
deoxygenation predominantly determined by reaction severity. Sodium chloride, along 
with potassium chloride, for that matter, are Lewis acids and their presence may catalyse 
the hydrolysis of cellulose accelerating the formation of organic acids, which have been 
shown to deoxygenate the fuel.  
10.8. Fate and influence of calcium during HTC 
During HTC, calcium appears to have a strong influence on the resulting fuels 
properties. While the alkali metals are known to decrease ash melting temperatures, 
calcium has been shown to increase the silicon fluxing temperature and it is this property 
which brings about its use in ash additives to abate slagging and fouling. The behaviour 
of calcium in HTC is feedstock specific but generally, calcium only undergoes limited 
removal and increases its relative concentration within the biomass. This combined with 
its close association with phosphorus, results in increased ash deformation and melting 
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temperatures of the bio-coal ash. Residual potassium appears also to form calcium 
potassium phosphate complexes, which are thermally stable, and prevent the formation 
of low melting temperature potassium silicates or the volatilisation of potassium chloride.  
It has been observed that calcium at 200 ⁰C undergoes limited removal (23 % 
removal for HTC 250+0h when processing Miscanthus) and increases its relative 
concentration within the biomass. At 250 ⁰C, calcium appears to reduce within the bio-
coal after one hour (54 % removal for HTC 250+0h, increasing to 82 % removal for HTC 
250+24h when processing Miscanthus). Calcium extraction is also brought about when 
recycling process waters or though the addition of acid so calcium extraction is believed 
to be due to organic acid leaching. Based on the results and literature it is unclear whether 
the residual calcium within the bio-coal is in the form of a low solubility compound (such 
as calcium phosphate) or whether it is organically associated with oxygen. Organic acids 
are known to both dissolve compounds such as calcium phosphate and deoxygenate the 
fuel, so organic acids will work on both retention mechanisms. It is more than likely that 
calcium is present as both organically bound calcium and low solubility minerals, with 
the ratio of the two determined by the feedstock. When processing samples with bark, 
calcium remains within the bark, which indicates calcium is relatively immobile during 
HTC. Processing high calcium feedstock appears particularly advantageous during HTC 
with early harvested Miscanthus and samples with bark outperforming samples processed 
without. 
 In addition to the influence calcium has on the slagging and fouling propensity of 
a bio-coal, results in this work and in the literature would also suggest calcium plays a 
role in the repolymerisation process. Solubilisation and metal precipitation experiments 
of low rank coals have suggested removal of calcium can result in their solubilisation and 
subsequent addition of divalent cations (calcium and magnesium) has been shown to re-
precipitate the coal. Moreover work modelling brown coal formation has shown that di-
valiant cations could aid bio-coal formation with metal ions appearing to become 
surrounded by oxygen fictional groups, and carboxyl groups potentially acting as bi-
dentrate ligands to calcium ions (e.g. R-COO-(Ca2+)-OOC-R). This has also been 
observed in the HTC of alginate with divalent cations binding poly-guluronic acid units 
during the reaction and providing nuclei for the formation of carbon microspheres. 
Addition of calcium chloride and calcium carbonate has been investigated within 
the literature, with calcium carbonate known to act as a template around which nucleation 
can occur. Calcium chloride being a Lewis acid is somewhat different, but has been 
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shown to influence cellulose dissolution in a completely different way to that of sodium 
chloride. Being a stronger Lewis acid cellulose dissolution initially increases when 
compared to sodium chloride but calcium chloride does not appear to deoxygenate the 
feedstock, as seen with sodium chloride. Instead calcium appears to prevent further 
decomposition of the cellulose, while it catalyses the process water chemistry (e.g. 
decomposition of HMF to levulinic acid and decomposition of organic acids to 
hydrogen). It is believed the calcium binds to the surface oxygen functional groups but 
after this it prevents the further decomposition of the feedstock (surface passivation). This 
area appears to need further investigation as the results indicate calcium could make for 
a good hydrothermal catalyst, catalysing both the hydrolysis and repolymerisation 
reactions while improving the ash chemistry. The literature results do however suggest 
obtaining the right calcium concentration within the process water is of critical 
importance as excessive calcium could have the inverse effect.  
10.9. Fate and influence of magnesium during HTC 
Being a divalent cation the behaviour of magnesium is very similar to that of 
calcium in terms of its influence on slagging and fouling and its behaviour in HTC. 
Magnesium appears more soluble under HTC conditions, with 200 °C treatments leading 
to a greater removal of magnesium than seen for calcium (61 % removal for HTC 200+0h 
when processing Miscanthus) albeit percentage extraction is similar at longer retention 
times (approximately 80 % for HTC 250+24h). Like calcium, it appears that phosphorus 
may have an association with magnesium in the bio-coals obtained at 250 °C. Modelling 
of magnesium in brown coal formation along with solubilisation and metal precipitation 
experiments of coal suggest that magnesium will behave in much the same way as 
calcium, potentially catalysing both the hydrolysis and repolymerisation reactions while 
improving the ash chemistry. Magnesium is however present in biomass in lower 
concentrations than calcium and experiments using magnesium salts are less common. 
Whether magnesium chloride salts have the same surface passivation properties of 
calcium remain unknown.    
10.10. Fate and influence of other metals during HTC 
Iron, aluminium and the metalloid silicon are the final macro elements within 
biomass. Of these, silicon is probably the most important as it is the silicate in 
combination with calcium, potassium, sodium and phosphorus, which in part determines 
the volatilisation of metals, and the ash melting behaviour.  Within the presented results 
and results presented in the literature it appears silicon is not in a water soluble form in 
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biomass and appears to remain within the bio-coal, increasing in concertation with 
increasing reaction severity. This higher silicon content of the bio-coal may be 
advantageous from a fouling perspective, as, silicates are known to trap potassium within 
the ash, in the form of potassium silicates, preventing their potential volatilisation and 
subsequent fouling. The influence on slagging depends on the other elements within the 
ash, as reviewed in the previous sections.  
While silicon appears to remain insoluble, the swine manure results have indicated 
some removal of silicon into the aqueous phase with increasing temperature. This result 
is surprising as while silicon can be water soluble, to become water soluble silicon has to 
be hydrated and become silicic acid (H4O4Si), which unless kept buffered within certain 
boundaries, readily degrades back to insoluble silicon dioxide (SiO2). None the less, other 
authors have reported similar findings under certain conditions so it does appear under 
certain conditions silicon can be removed from the bio-coal. Silicon does however 
provide a role in HTC, with silicon dioxide proving a template around which the bio-coal 
can polymerise.  
Like silicon, iron and aluminium also undergo limited removal during HTC and 
accumulate within the bio-coal. Recycling process water does however remove some iron 
and aluminium from the bio-coal, which shows that organic acids created as part of the 
hydrothermal process, can extract these metals. Iron and aluminium are both interesting 
metals as when in salt form they will act as strong Lewis acids, with iron shown to catalyse 
complete carbonisation of cellulose at 200 °C, where incomplete carbonisation was 
observed in the absence of the salt. Solubilisation and metal precipitation experiments of 
low rank coals have suggested addition of iron and aluminium, being trivalent cations can 
re-precipitate the coal. This said, modelling work on brown coal formation has shown 
that trivaliant cations form less energetically favoured, distorted structures, associating 
with carboxyl and phenoxy groups, so appear less effective than calcium or magnesium. 
The results have shown the low iron content within the initial biomass and 
subsequently within the bio-coals makes bed agglomeration appear likely so application 
of iron as a HTC catalysts could be of benefit in terms of ash chemistry, improving: bed 
agglomeration index (BAI), slag viscosity index (SVI) and base to acid ratio (R b/a).  
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10.11. Further work 
10.11.1. Recycling process waters followed by mechanical dewatering and post-
process washing  
Recycling process waters brings about an increase in product mass yield, energy 
density and energy yield at both treatment temperatures. At 250 °C the treatments yield a 
bio-coal with an energy density of 29 MJ/kg on the ninth cycle and an energy yield of 91 
%, moreover, this bio-coal falls under the classification of a high volatile sub-bituminous 
coal. Recycling process water does however have an adverse influence on the fouling, 
slagging propensity of the fuel, most likely due to residual process water is left with the 
char micro and macro pores on separation. This will, on drying, deposit metal salts on the 
bio-coal. It is hypothesised mechanical water recovery using a screw press would recover 
more process water and reduce this metal deposition, overcoming the slagging and 
fouling issues while truly producing a direct substitute coal. The incorporation of an 
additional washing procedure post carbonisation may further improve the combustion 
characteristics of the fuel. When washing additional carbon would be leached and 
treatment of this water via anaerobic digestion should also be investigated. 
10.11.2. The influence of oxygen functionality on the fouling propensity of bio-
coals  
Binding of cations onto surface oxygen functional groups on a bio-coal could have 
a significant influence on a fuel’s propensity to foul. Surface oxygen functional groups 
can bind to cations such as sodium, potassium, magnesium, calcium. These same oxygen 
functional groups, which, on combustion, devolatilise, could transport their associated 
cations, assisting the volatilisation of both volatile and non-volatile metals. While it has 
been proposed that HTC reduces the fouling risk due to a combination of decreased 
oxygen and volatile matter content of the bio-coal. This mechanism does not take into 
account the re-uptake of metals from the process water onto the surface of the bio-coal. 
Given the bio-coals are essentially stewed in the metal rich process water metal saturation 
of these functional groups maybe greater than would otherwise be expected from biomass. 
Consequently, the bio-coal could lead to a greater fouling propensity than would 
otherwise be expected, due to an increase in the proportion of cations associated with 
oxygen functional groups.  
This volatilization of metals could be highly significant for bio-coal and the 
significance of this requires further investigation. Initially combustion of small bio-coal 
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pellets could be measured by use of flame emission spectroscopy as described in Mason 
et al. [375], could be sufficient to assess the significance of the devolatilisation 
mechanism. 
10.11.3. The influence of cation valency on HTC 
It is known that reactive oxygen functionalities (hydroxyl, carboxyl, carboxylic 
etc) act as both binding sites for aromatic structures and cations present within the process 
water during bio-coal formation. It is also understood that in bio-coal formation these 
oxygen fictional groups, initially chemisorb and then dehydrate to form stable oxygen 
groups, which are ether or pyrone, within the char formation. The influence the metals 
have on this mechanism is not yet clear. In fossil coal, metals are known to exist within 
the coal matrix as salts of carboxylic acids, alcohols and phenols. Removal of metals from 
within the coal matrix of low rank coals is known to lead to the solubilisation of low rank 
coals. Likewise the addition of divalent cations (Ca2+, Mg2+ and Fe2+) and trivalent cations 
(Fe3+ and Al3+) has been shown to re-precipitate the coal (taking into account potential 
for acid precipitation), while monovalent cations (Na+) had no effect on re-precipitation. 
Moreover work modelling brown coal formation has shown that divalent cations 
aid the formation of energetically favoured, undistorted structures. In the models, metal 
ions appear to become surrounded by oxygen fictional groups, with carboxyl groups 
potentially acting as bi-dentrate ligands to calcium ions (e.g. R-COO-(Ca2+)-OOC-R). 
The trivalent cations form less energetically favoured, distorted structures, associating 
with carboxyl and phenoxy groups but still appear to play a role in coal formation. This 
binding would suggest that a that multivalent cations play a role in the bio-coal formation 
though the cleating of aromatic structures though carboxyl groups and interactions with 
the surrounding functional groups which then dehydrate to form stable oxygen groups. 
The reduction in calcium with retention time in the 250 °C treatments with increasing 
retention time and lower calcium in the 250 °C recycles could be in part be due to the 
removal of hydroxyl bonding sites during repolymerisation (e.g. R-OH(Ca2+)HO-R → R-
O-R+H2O+Ca2+) in addition to acid leaching. The greater stability of carboxyl and 
carboxylic functional groups would mean that these sites and associated metals would 
likely remain within the bio-coal.  
The results of this study have shown that many of the multivalent cations undergo 
only limited removal and it has been suggested throughout this work that calcium may 
play a role in polymerisation. Experimental validation of this using a range of different 
cations, salts and concentrations of salts would be required to demonstrate if this is the 
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case. As highlighted in Section 10.8 obtaining the right cation concentration appears of 
high importance in order to avoid surface passivation. 
10.12. HTC in a broader context  
This thesis predominantly focuses on the application of bio-coal in pulverised fuel 
applications and the results have shown that in particular the 250 °C bio-coals derived 
from lignocellulosic material have good coal-like properties and have real potential as 
substitute fuels pulverised coal applications. This is particularly true when recycling 
process waters and assuming the metal accumulation issues, discussed in the further work, 
can be overcome, then the product, a high grade, high volatile sub-bituminous equivalent 
bio-coal with high yields, may well have commercial promise as a direct substitute fuel.  
Coal still provides almost 30% of the world’s primary energy and will continue to 
be a dominant energy source in energy intensive industrial applications for the foreseeable 
future. In some applications, replacement with alternative renewable technologies may 
not be possible. Particular examples include the use of coal and carbon in metallurgy but 
could extend to newer ultra-supercritical power plants and reserve generating capacity. 
In such examples, production of a commercially viable, low carbon, direct substitute fuel 
will have a critical application in abating carbon emissions. Bioenergy CCS is also 
forecast to play a critical role in removal of atmospheric CO2, required if we are not to 
exceed 430 ppm CO2 by 2100. Consequently, the application of bio-coal and CCS in coal 
dependent industrial applications may well be an ideal combination, bringing about the 
required carbon negative industrial emissions to meet climate change targets.  
With regard to the current status of HTC, a number of companies are offering 
‘commercial’ HTC plant, with Ingelia perhaps the most established. Specific details on 
plant design and operating conditions are however sparse, with the Ingelia process 
operating at temperatures between 180-200 °C. To the best of the author’s knowledge, no 
commercial plants are operating at 250 °C and recycling process water. From a practical 
perspective, recycling process water overcomes the issue with process water, which still 
appears largely unresolved. Recycling the process water and slow heating rates should 
lead to high heat recoveries if operating in a counter-current continuous system, albeit 
this increases resonance time and decreases throughput, increasing cost and plant size. 
Techno-economic assessments and lifecycle assessments are available for HTC, however, 
they are only applicable to the specific process assessed (temperature, resonance time, 
system configuration, feedstock etc.) and these system boundaries vary throughout the 
literature making extrapolation of the results to other HTC configurations difficult.  
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11. Appendix  
 
Figure 11.1:  Derivative thermogravimetric (DTG) devolatilisation profiles for 
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